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ABSTRACT 
 
Ongoing urbanisation in lower stream reaches can adversely affect the ecology of river ecosystems 
by altering freshwater fish distributions. Diadromous fish species (those that migrate between the 
sea and freshwater) are particularly affected as unimpeded access to and from the sea is necessary 
for their life-cycle completion. To investigate the extent of the effects that urbanisation have on 
migratory freshwater fish species, I compared fish community composition between urban-
impacted and un-impacted waterways in the upper South Island, New Zealand. I also investigated 
whether culverts were barriers to inanga (Galaxias maculatus) juvenile migration, and 
experimentally tested different aspects of fish ramp designs for the remediation of juvenile inanga 
migration barriers. Analyses of fish community composition indicated significant differences 
between urban-impacted and un-impacted stream reaches. Fish species sensitive to poor habitat 
quality were generally absent from urban waterways. Inland penetration of fish species was reduced 
in urban-impacted than un-impacted streams, likely indicating culverts were upstream migration 
barriers. Laboratory experiments showed that climbing ability of inanga depended on fish size. 
Climbing also depended on the length and slope of the climb, but not the availability of resting 
pools. Experiments conducted at 13 natural culverts showed fish could not pass (0% passage) 
undercut (perched) culverts unless aided by an experimental ramp (44 % passage). To offer 
successful upstream passage for weak swimming species, culverts should ideally be box-shaped 
with widths and angles similar to the natural stream bed. Fish ramps should be designed to 
accommodate species with weak swimming abilities, considering trade-offs in ramp geometry. My 
results provide a framework for identifying and correcting barriers to diadromous fish passage, 
allowing managers and ecologists to maintain and enhance fish populations in urban environments.
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Toi Tu Te Marae O Tangaroa 
Toi Tu Te Marae O Tane 
Toi Tu Toi Te Iwi 
 
 
 
“If the domain of Tangaroa (God of water) and Tane (God of the forest) 
are healthy, so too the people are healthy.” 
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PREFACE 
 
Cities have been a part of human history for millennia and predictions suggest the majority of 
humans will live in cities in the future (UN 2007). The rapid extension of urbanisation represents 
a threat to stream ecosystems as stream habitat and biota in urban settings are often profoundly 
degraded in comparison to natural or less-impacted rural environments (Paul & Meyer 2001; 
Miltner et al. 2004; Walton et al. 2007). Given these impacts and the accelerating pace of 
urbanisation, there has been increasing interest in defining the thresholds of degradation imposed 
by urban development and the potential remediation of urban stream ecosystems (e.g., Allan 
2004; Grimm et al. 2008). In 1992, the United Nations Division for Sustainable Development 
(DVD), for instance, adopted Agenda 21, which describes the “protection of the quality and 
supply of freshwater resources” at local, national, regional and international levels (UN 1992, 
page 196). Eight years later, the European Union launched the European Water Framework 
Directive (EU-WFD), a Europe-wide guideline on how to protect water resources (European 
Parliament and Council 2000). Both policies include the sustainable management of fish 
populations within every single waterway in their partner countries. 
The demand for “healthy” waterways has also grown in New Zealand. Due to increasing 
development pressure within the upper South Island, the Nelson City Council (NCC) together 
with the Cawthron Institute, the Department of Conservation, and the Nelson/Marlborough 
branch of Fish & Game approached me in spring 2007 with a request to record freshwater fish 
occurrence within the NCC area to provide an up-to date summary of fish distribution patterns. 
As little is known about the ways urbanisation affects the distribution and community patterns of 
New Zealand’s freshwater fish species (Suren & Elliott 2004), I extended the initial NCC request 
to further investigate the effects of urbanisation, and migration barriers in particular, on 
freshwater fish species. Migration barriers are likely to occur in any city near the coast and are 
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therefore a worldwide issue that needs to be understood to maintain and/or enhance freshwater 
communities in urban environments.  
In this thesis I investigated the effects of urbanisation on freshwater fish distribution and 
the potential remediation of these effects. Although my experiments were planned for, and 
conducted with New Zealand fish species, my results can be applied to other cities and to non-
New Zealand fish species with similar swimming behaviour and capabilities. My research 
questions were: what is the current distribution and community composition of freshwater fish 
species in Nelson City and what habitat variables such as land use or migration barriers influence 
them (Chapter One)? How can migration barriers caused by culverts be overcome and which key 
features of fish ramp design need to be incorporated to facilitate upstream passage of juvenile 
inanga (Galaxias maculatus) (Chapter Two)? What factors influence whitebait passage success 
in relation to various in situ culvert designs and how can upstream passage at culverts be 
improved by ramp installation (Chapter Three)? Finally, based on my findings I summarise how 
councils and managers can mitigate the effects of culverts as migration barriers, and provide 
some advice for key aspects of fish ramp design (Chapter Four). 
My thesis has been structured as a series of papers that are intended for publication and 
this has necessitated some repetition. 
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Chapter One 
 
THE DISTRIBUTION OF FRESHWATER FISH SPECIES IN AN URBAN 
ENVIRONMENT 
 
 
 
 
 
 
 
 
 
The Brook “Stream” in the centre of Nelson City 
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1.1 INTRODUCTION 
 
Human actions are a threat to aquatic habitats, influencing the ecological integrity of river 
ecosystems via numerous and complex pathways (Allan 2004). The ongoing spatial expansion of 
urban land use represents a threat to stream ecosystems worldwide, as stream habitat and biota in 
urban settings are often profoundly degraded in comparison to natural or less-impacted rural 
areas (Grimm et al. 2000; Miltner et al. 2004; Blakely et al. 2006; Walton et al. 2007). By 2050 
70% of the world’s population is expected to live in urban areas (UN 2007), so the likely impacts 
of cities on natural ecosystems are enormous. For example, modern European cities require the 
ecological services of between 500 to 1000 times the land area they occupy. As many of the 
required ecological services in cities cannot be met, urban ecosystems, in general, are frequently 
degraded (Folke et al. 1997). 
Effects of urbanisation on aquatic ecosystems include increased impervious surface area 
with increased runoff to receiving streams, higher peak discharges, greater water export and 
higher loads of fine sediment during the construction phase of, for instance, roads (Hogg & 
Norris 1991; Nelson & Booth 2002; Bernhardt & Palmer 2007). Over time these effects can 
adversely affect the ecology, physical characteristics and visual appearance of river corridors, 
altering the habitat of dependent biological communities (Paul & Meyer 2001; Grimm et al. 
2008). The dramatic threat urban expansion poses to stream ecosystems and the increasing 
awareness of the economic and social losses arising from stream degradation due to urban 
extension has led to an increase in studies focusing on the effects of urbanisation on stream 
settings (Lake et al. 2007). However, what exactly drives freshwater fish species distribution in 
cities, and to what extent urban fish species community compositions differ from unimpaired 
habitats, is still poorly understood. To efficiently manage the effects of land-use intensification 
on freshwater fish communities, improved knowledge of the magnitude of these effects is 
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needed. In this study I evaluated the ecological effects of urbanisation on freshwater fish species 
through a case study of the Nelson City Council area in New Zealand. 
Most of New Zealand’s native freshwater fish are, except for eel species, relatively small 
(adults generally <300 mm long), cryptic and benthic (McDowall 2000), and despite becoming 
better understood, relatively little is known about their spawning biology, community structure 
and specific habitat preferences (Jowett & Richardson 1994; Allibone & Caskey 2000; 
McDowall 2000). To be able to assess the influence of urbanisation on New Zealand native fish, 
an understanding of their lifecycles is crucial.  
There are 35 native fish species in New Zealand, including 31 (88 %) that are endemic 
(McDowall 1998, 2001). As 16 (45 %) of these species are diadromous (McDowall 1995), their 
population and community ecology, as well as their biogeography, are affected by issues such as 
migration barriers. 
Diadromy is a “regular, physiologically mediated [movement] between freshwater and 
the sea [occurring at] predictable life history phases in species” (McDowall 1998, page 112). 
There are three types of diadromy (anadromy, catadromy and amphidromy). Once maturity is 
approached, catadromous fish migrate to sea for spawning, while amphidromous species spawn 
in freshwater where their larvae, once hatched, move immediately to sea. Anadromous fish (e.g., 
lamprey, Chinook salmon) enter rivers as mature adults to reach upstream spawning grounds to 
reproduce (McDowall 1995, 1998). As migration in and out of rivers, as well as the life stages 
that undertake the migration, differ among species, interpreting differences in the behaviour of 
native migratory fish is important for understanding their community structure and distribution 
patterns (McDowall 1998). Although upstream penetration differs for each fish species, finding 
suitable habitat for growth and reproduction is a common aim for each (McDowall 1998). 
Hence, studying the movement patterns of successful juvenile recruitment to upper stream 
reaches is fundamental to understanding their spatial distribution and how adult populations are 
maintained (Eikaas et al. 2005; Eikaas et al. 2006). 
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Fish communities in New Zealand generally differ depending on the distance inland 
(McDowall 1998; Joy et al. 2000; Leathwick et al. 2008), so separating “natural” fish 
distributions from those affected by urbanisation poses a challenge. Waterways close to the sea, 
as in many cities worldwide, may play an especially important role for migratory native fish 
species, as they act as corridors to upstream unimpaired habitat, required for reproduction and 
growth (McDowall 1998). However, it is the lower and intermediate reaches of urban waterways 
that are especially altered by urban development in New Zealand. Significant changes include, 
for instance, water abstraction, channelisation and the installation of physical structures, which 
may result in freshwater fish population fragmentation and significant alterations in species 
abundance in these areas (Suren & Elliott 2004). Physical constrictions, especially, are a major 
impediment for natural fish distribution within urban areas by restricting fish movement between 
habitats (Baker & Boubée 2006). Culverts, for example, can form a boundary, capable of altering 
local physical stream characteristics, hydraulic conditions and biotic linkages within streams 
(Peake 2004; MacDonald & Davies 2007). Mitigating impacted urban stream ecosystems is 
important for the communities they support with freshwater fish playing a particularly important 
role because they are widely seen as an indicator of life-supporting capacity in rivers (McDowall 
& Taylor 2000). 
In this study I investigated (1) which fish species currently exist in urban stream systems 
and (2) determined what might influence their community structure by comparing fish species 
distribution between an urban (Nelson City, New Zealand) and a non-urban area (the upper 
South Island of New Zealand) in the same region. I also investigated (3) the impacts of culverts 
as physical migration barriers on urban freshwater fish species distribution patterns.
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1.2  METHODS 
 
1.2.1  Study sites 
 
1.2.1.1. The Nelson City Council Area 
 
I chose the Nelson City Council (NCC) area, located on the northern coast of New Zealand’s 
South Island, as a case study to investigate the impacts of urbanisation on New Zealand’s 
freshwater fish distribution. The area encompasses 443 km² stretching from the Waimea Inlet to 
Cape Soucis, inland to the ridge of the Bryant Range in Mount Richmond Forest Park and along 
the eastern margin of Tasman Bay (Fig, 1; Crowe 2002). Being one of the largest and fastest 
growing cities in the South Island (Paul Sheldon, Nelson City Council, personal 
communication), Nelson City (population size = 42,891; Nelson City Council) likely poses 
substantial pressure on the city’s waterways. Three catchments and eight subcatchments were 
selected to encompass the variety of land use and topographic conditions within the area 
including small urban streams (Jenkins, Orphanage, Saxton Streams) and larger catchments, such 
as the Wakapuaka and the Maitai River Catchments (Fig. 1). 
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Figure 1. The 105 sites sampled within eight sub-catchments of the Nelson City Council (NCC) area 
between January and April 2008. 
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The length of streams surveyed within catchments ranged from 1.5 km (Saxton Stream) to 15.8 
km (Maitai River) with stream orders from 1 (upper Wakapuaka River, upper Lud, upper 
Orphanage, upper Jenkins and upper Saxton Streams) to 4 (lower to middle Maitai and lower 
Wakapuaka Rivers). Stream order classifications were derived from the New Zealand Freshwater 
Fish Database (NZFFD; National Institute of Water & Atmospheric Research (NIWA)). Average 
stream width varied between 0.2 m (upper Lud Stream) to 27 m (lower Wakapuaka River) and 
average stream depth was between 0.05 m (upper Lud Stream) to 0.7 m (Teal Stream). Altitudes 
within catchments ranged from 0 to 350 metres above sea level (m.a.s.l.) with a maximum 
distance inland from the sea of 18.3 km. 
Data analysed for the NCC area were supplemented with records from the NZFFD, a 
database that contains information on the distribution of New Zealand’s freshwater fish 
(National Institute of Water & Atmospheric Research (NIWA)). I used records collected between 
1998 and 2008, as these were the most current and accurate. To be able to compare my NCC 
records with the data obtained from the NZFFD, I also reduced the database search criteria to an 
altitude range from 0 – 350 m.a.s.l. and a distance inland range from 0-18.3 km inland. These 
criteria represent the physical habitat conditions used for my sampling in the NCC area and 
observations were restricted to those using similar sampling methods. 
 
1.2.1.2. The upper South Island 
 
To evaluate the status of Nelson City’s freshwater fish distribution, richness and community 
composition, I compared the NCC area patterns with those from its surrounding geographic 
region. The area analysed covered the entire north coast of the South Island, including the 
Nelson, Tasman and Marlborough regions (Fig. 2). The upper South Island (USI) area measures 
33,322 km² (i.e., Marlborough region, 17,700 km²; Tasman region, 14,831 km² and Nelson 
region, less the NCC area, 791 km²) with the NCC area itself constituting just over one percent 
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of the USI land area (443 km²). In total, there were 455 freshwater fish records for the NCC area 
and 1605 records for the USI in the NZFFD between 1998 and 2008, with an altitude range of 0-
350 m.a.s.l. and a distance from sea range of 0-18.3 km obtained by either electric fishing and/or 
night spotlighting sampling techniques. These search criteria were the same as those for the NCC 
area, to ensure USI data came from comparable habitat conditions (distance inland and altitude). 
 
 
 
 
Figure 2. Sampling sites used for comparison between native fish species distribution in the upper South 
Island and the Nelson City Council (NCC) area within the NZFFD between 1998-2008, with a distance 
from sea range from 0-18.3 km, an altitude range from 0-350 m.a.s.l. and sampled by electric fishing 
and/or spotlighting methods. 
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1.2.2. Sampling 
 
1.2.2.1. NCC area field sampling 
 
A total of 105 stream reaches (150 m length) in eight subcatchments were sampled (Fig. 1) by 
spotlighting (78 %) and electric fishing (22 %) between January and April 2008. The streams 
were surveyed every 500 m in an upstream direction beginning at either the mouth of a stream at 
the sea (e.g., Maitai and Wakapuaka Rivers) or at a confluence with another stream (e.g., The 
Brook, Lud and Teal Streams) to the most upstream point where access was possible. On average 
five sites (over a 2.5 km stream length) were sampled each day. Sites surveyed by spotlighting 
were qualitatively sampled by searching for 30 minutes per site to locate and identify fish 
species. The sampling involved two people, each using a handheld spotlight powered by a 12 V 
battery. This method is effective for nocturnally-active species where water clarity enables all 
habitats to be observed (Jowett & Richardson 1994; Allibone & Caskey 2000; Young & Clark 
2006). Single-pass qualitative electrofishing was also conducted by two people using a battery-
powered backpack electric fishing machine (Kainga, EFM300; NIWA Instrument Systems, 
Christchurch, New Zealand), operated at 150–300 V depending on the water conductivity. Single 
pass electrofishing is suitable for assessing distribution of freshwater fish in New Zealand 
because all species are collected with equal probability on the first pass (Jowett & Richardson 
1996).  
Once fish were spotted or stunned they were caught with dip nets or stop nets, identified 
to species and returned to where they were caught. Most fish were able to be identified, but fish 
that could not be caught by spotlighting or were too immature for an accurate identification were 
recorded as unidentified. The position of each sampled reach was recorded with a GPS and 
entered into a Geographic Information System (GIS). Altitude, reach slope, maximum 
downstream slope and distance to sea for each sampling point were derived from a 25 m digital 
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resolution raster GIS layer (New Zealand South Island 25 m resolution Digital Elevation Model 
(DEM), estimated elevation precision = one metre) using ArcMap 9.2 (ESRI ArcView; ESRI 
2006). 
At each sampling site (Fig. 1) habitat data were recorded according to the NZFFD survey 
form. Variables measured included average stream width and depth (measured with a measuring 
tape), visually-assessed water clarity and colour (e.g., clear and uncoloured), average percentage 
of substrate composition (i.e., boulder [>264 mm], large cobble [128-264 mm], small cobble [64-
128 mm], gravel [8-64 mm], fine gravel [2-8 mm], sand [0.06- 2 mm], or silt [< 0.06 mm]), 
average percentage of riparian and catchment vegetation (e.g., native, exotic, scrub, willow or 
swampland), average riparian and catchment land use (e.g., farmland or urban) as well as an 
average percentage of habitat type (e.g., pool, riffle or run). Chemical water quality 
characteristics were measured with a calibrated handheld YSI 556 multi-parameter system and 
included specific conductivity (µs/cm at 25° C), pH, dissolved oxygen (mg/l) and temperature 
(°C). 
 
1.2.2.2. Upper South Island digital data sampling 
 
Land-use data for the USI, including Nelson City, were obtained from the New Zealand Land 
Cover Database Version 2 (LCDB 2; Ministry for the Environment), a database that translates 
satellite images into information (polygon shape) on different land cover types in a GIS. The 
LCDB 2 is a hierarchical development of 70 land-use types that have been reduced to six for this 
study. These included: urban land use (e.g., dump or residential), exotic vegetation cover (e.g., 
gorse, broom, exotic forest), native vegetation cover (e.g., fernland, indigenous hardwoods), 
agricultural land use (e.g., high producing grassland or shelterbelts), estuarine and marine land 
use (e.g., herbaceous saline vegetation) and freshwater related “land use” (e.g., the extent of 
freshwater bodies (lake, ponds), herbaceous freshwater vegetation, river). With regard to the 
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latter the LCDB 2 only included polygons of medium to large water bodies in its land-cover 
information data and for streams, the amount of freshwater “land use” increased with stream 
size. Thus I was able to use the freshwater land use variable as a proxy for stream size in my 
analyses. 
As urbanisation was expected to be more intense along lower and intermediate stream 
reaches, and because it is difficult to separate the influences that affect the upper stream sites due 
to a lack of sampling or inaccessibility, for instance, I focused the LCDB survey on lowland 
reaches (i.e., an altitude range from 0-110 m.a.s.l. and an inland penetration range from 0-11.5 
km). The percentage of land-use cover for each NZFFD sampling spot within the USI was then 
derived from a 500 m longitudinal section along the river (i.e., 500 m upstream and 500 m 
downstream for each NZFFD record) with a 100 m strip on either side of the stream (Fig. 3). 
Moreover, to be able to compare fish distribution within the USI with fish distribution in Nelson 
City, any geo-topographical features that occurred predominately in the USI, but not in the NCC 
were excluded in the analysis. These included the main stems of the Whanganui Inlet, the Aorere 
River, the Takaka River, the Motueka River, the Moutere Inlet, the Waimea River, the Waimea 
Inlet and the Wairau River. The small tributaries of these rivers and inlets were not excluded 
from the search, hence NZFFD records for Jenkins and Orphanage Streams (Waimea Inlet) were 
still part of the analysis. 
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Figure 3. Riparian buffer created for the USI and NCC areas to derive the percentage of land use (from 
LCDB 2) for a 500 m upstream and downstream strip and 100 m strip on either side for each NZFFD 
record on lower and intermediate stream reaches (altitude range from 0-110 m.a.s.l., inland penetration 
range from 0-11.5 km). Here 53 % freshwater, 39 % agriculture and 8 % native vegetation. 
 
To investigate the effect of measurement scale on my estimates of land-use patterns, I extended 
the 500 m up- and downstream buffer to the entire catchment upstream (Fig. 4). This enabled me 
to compare the influence of different land-use types on fish distributions between a small (i.e., 
500 m buffer) and a large (upper catchment) spatial area by conducting a canonical 
correspondence analysis (CCA). I derived the data for fish presence from the same NZFFD 
records as for the riparian buffer analysis (i.e., lowland stream reaches). The land-use data (i.e., 
percentage of native vegetation of the total upstream catchment) were provided by the 
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Freshwater Environments of New Zealand (FWENZ; Snelder et al. 2005). FWENZ is an 
environmental classification of the national river network which defines the full range of 
remaining natural habitats and ecosystems, including the upstream areal percentage of native 
vegetation cover for each sampling point (Snelder et al. 2005). As the FWENZ data are based on 
stream reaches (Fig. 4), I estimated the percentage of land-use cover for each sampling point on 
a particular stream reach based on the FWENZ dataset. This enabled me to derive the exact 
percentage of catchment native vegetation upstream of each NZFFD record. I expected native 
vegetation to be the predominant land-use type determining fish distribution within a catchment, 
which is why I split up the environmental variables into ‘native vegetation’ and ‘other land 
cover’ in the analysis. I repeated this analysis for all NZFFD records as well as my original field 
sample locations (i.e., NCC).  
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Figure 4. The percentage of native vegetation present upstream per catchment was derived from the 
Freshwater Environments of New Zealand (FWENZ) classification network at each NZFFD record. This 
helped determine whether fish distribution was influenced by catchment-wide land use. 
 
To be able to assess the impact of culverts on fish distribution within the NCC area, their 
abundance, geo-topographic position (e.g., distance inland and elevation) and type (e.g., perched, 
pipe or box) were derived from a GIS, and associated with each sample point (from my original 
NCC and the NZFFD site records). This database included comprehensive information about 
bridges, culverts, dams, fords as well as stormwater drains and sewer pipes. Analogous culvert 
data were unavailable for USI NZFFD sites. Finally, the steepest downstream slope, distance 
inland, and elevation values for each sampling spot within the NCC and the USI were derived 
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from a 25 m resolution raster GIS layer (DEM) with an estimated one metre precision of the 
elevation layer (ESRI 2006). 
 
1.2.2.3. Statistical data analyses 
 
To investigate the association between fish distributions, environmental variables (e.g., chemical 
and physical) and land-use type, I conducted a direct gradient analysis (canonical 
correspondence analysis, CCA) in PC-ORD version 4.01. (McCune & Grace 2002). This 
multivariate analysis enables site-to-site patterns in community structure to be assessed in 
relation to environmental factors. Sites that have similar composition of species will tend to have 
similar scores for an axis. I used CCA, firstly, to study fish community composition and its 
association with chemical and physical variables in the NCC area, and secondly, to investigate 
the association of fish communities and land-use cover in the USI, including the NCC area. The 
latter was then used to compare fish communities and their relationship to urban land use 
between an impaired area (i.e., Nelson City) and an unimpaired area (i.e., USI). Fish species 
richness patterns may differ due to different land-use types and intensification. To investigate 
this hypothesis, patterns in species richness were compared between regions using chi-square 
tests. Specifically, I compared the proportion of sites with one, two, three, four, five or more fish 
species per site between the USI and the NCC area. To be able to test whether inland penetration 
differed between two common migratory species (inanga, Galaxias maculatus) and banded 
kokopu, Galaxias brevipinnis), I conducted an Analysis of Variance (ANOVA) to compare mean 
inland penetration between species and areas. 
Using my original NCC dataset only, I further investigated relationships between native 
fish species richness and factors associated with urbanisation using an information-theoretic 
model-selection approach (Burnham & Anderson 2002). Specifically, I used this approach to 
identify possible combinations of anthropogenic (e.g., downstream culvert abundance) and 
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biogeographic (i.e., inland distance) factors that most influenced fish distribution in the NCC 
area. Independent variables included the subset of measured factors most likely to be affected by 
urbanisation (i.e., number of downstream culverts, conductivity (ln[x] transformed), proportion 
of fine gravel (arcsin transformed), and the presence/absence of non-native salmonids), plus 
inland distance (ln[x+1] transformed) as a biogeographic control. Predictor variables included 
distance inland (ln[x+1] transformed), number of downstream culverts, conductivity (ln[x] 
transformed), proportion of fine gravel (arcsin transformed) and the presence/absence of non-
native Salmonids, with the total number of native species found per site (ln[x+1] transformed) as 
the response variable. My a priori set of candidate models encompassed 14 hypotheses about the 
effects of in-stream conditions and/or inland distance on local fish species richness. All models 
were ranked using Akaike’s Information Criterion corrected for small sample size (AICc) and 
evaluated with respect to ∆AICc, the change in AICc relative to the best model (Burnham & 
Anderson 2002). I then gauged the relative support for each model, i, relative to the top model 
using Akaike weights [wi = e
(∆AICi / 2)/Σe(∆AICi / 2)] and evidence ratios (wtop model/wi), and plotted 
the data for visual representation in a separate graph. 
All statistical analyses were conducted with STATISTICA 8.0 unless otherwise stated. 
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1.3. RESULTS 
 
1.3.1. Freshwater fish species distribution and inland penetration in urban Nelson 
 
A total of 455 fish species records including my 105 sampling sites for the NCC area were 
available between 1998 and 2008, showing 16 freshwater fish species plus the native crustacean 
koura (Paranephrops planifrons, Table 1). Of these 16, 14 are native and eleven are migratory. 
Longfin eel (Anguilla dieffenbachii), koura and giant kokopu (Galaxias argenteus) are listed as 
threatened (Hitchmough et al. 2007). However, while the first two species are relatively common 
in the area, the latter only has two records (less than one percent of the total number of sites 
sampled in the area) in the database (Table 1). There are no records for shortjaw kokopu 
(Galaxias postvectis) and none for non-migratory galaxiids such as dwarf galaxias (Galaxias 
divergens) in the NCC area, although both species are present in other parts of the USI (e.g., 
Golden Bay and the Marlborough Sounds). Non-native fish species in the area included 
widespread brown trout (Salmo trutta) and one record for rainbow trout (Oncorhynchus mykiss). 
Fish species present per site decreased with altitude (Fig. 5) as more fish species occurred at sea 
level than at upland sites. Five to ten species were found at low elevation sites, whereas no more 
than four species occurred at sites at or above 50 m in elevation. 
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Figure 5. Number of fish species present per site along an altitude gradient from 0-350 m.a.s.l., sampled 
between January and April 2008. Fitted non-linear regression; R² = 0.29, df = 3, P < 0.001. 
 
 
Estuarine triplefin, yelloweye mullet and common smelt were found in the lower, sea-water 
influenced, reaches of rivers such as the Wakapuaka and Maitai and the Jenkins and Saxton 
Streams (Photograph 2A, Table 1). 
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Photograph 2. The tidal-influenced lower reaches of the Maitai River (A) provide suitable habitat 
conditions for estuarine triplefin, yelloweye mullet and common smelt with slow flowing water velocities, 
whereas the middle reaches of The Brook Stream (B) have a combination of high velocity and pool 
habitats and medium to large boulders, creating suitable habitat for koaro. 
 
Inanga and giant kokopu occupied the lower reaches of Nelson’s waterways, banded kokopu the 
middle and koaro the upper (Photograph 2B, Fig. 6A). Longfin eel was the most ubiquitous 
species found within the NCC area, occupying entire rivers from lower to upper stream reaches, 
whereas shortfin eel were less common and mostly present in the small coastal streams (i.e., 
Jenkins, Poorman Valley and York Streams) (Fig. 6B). 
Bullies were found throughout the NCC area, with giant bully recorded in lower reaches 
and upland, redfin and common bullies along entire river lengths (Fig. 6C). Upland and redfin 
bully were found at high elevations (i.e., 230 m.a.s.l.) and distances far inland (i.e., 17.7 km) in 
the Maitai River, however, redfin bully was absent in The Brook Stream, a tributary of the 
Maitai River, potentially indicating barrier issues (Fig. 6C). Rainbow trout was only recorded 
once in the middle reaches of the Teal River, whereas brown trout was much more widespread in 
the area (Fig. 6D). Although brown trout had the third highest number of occurrences in the 
NZFFD, it only occurrs in ten percent of records within the NCC area (Table 1). 
A B 
  
30
 
 
F
ig
u
re
 6
 A
 &
 B
. 
In
d
iv
id
u
a
l 
fi
s
h
 s
p
e
c
ie
s
 d
is
tr
ib
u
ti
o
n
 (
N
Z
F
F
D
 r
e
c
o
rd
 f
ro
m
 1
9
9
8
-2
0
0
8
) 
w
it
h
in
 t
h
e
 N
C
C
 a
re
a
 g
ro
u
p
e
d
 b
y
 f
a
m
ily
; 
A
 =
 G
a
la
x
iid
a
e
, 
B
 =
 A
n
g
u
ill
id
a
e
. 
6
B
 
6
A
 
  
31
 
 
F
ig
u
re
 6
 C
 &
 D
. 
In
d
iv
id
u
a
l 
fi
s
h
 s
p
e
c
ie
s
 d
is
tr
ib
u
ti
o
n
 (
N
Z
F
F
D
 r
e
c
o
rd
 f
ro
m
 1
9
9
8
-2
0
0
8
) 
w
it
h
in
 t
h
e
 N
C
C
 a
re
a
 g
ro
u
p
e
d
 b
y
 f
a
m
ily
; 
C
 =
 G
o
b
iid
a
e
 a
n
d
 D
 =
 S
a
lm
o
n
id
a
e
.
6
C
 
6
D
 
Chapter One - Results 
 
32
1.3.2. Community composition 
 
1.3.2.1. Community composition within the Nelson City Council area 
 
On axis one of the CCA ordination (Fig. 7A) downstream reaches tended to be on the right-hand 
side, middle reaches had intermediate values and upland stream reaches were on the left. Thus 
changes in fish community structure associated with axis one were linked to the position of the 
site in a catchment.  
The bi-plots of physico-chemical variables and species (Fig. 7B) show characteristics 
generally typical for upland streams (i.e., high altitude, large distance to sea, fast running water 
and undercut banks) and were associated with the left-hand side of axis one. In comparison, 
physico-chemical variables generally typical for lowland stream reaches (i.e., increased 
temperature and conductivity, backwater and sandy and muddy substrate) were linked to the 
right-hand side of axis one. Axis two describes stream size characteristics with high stream 
order, high mean flow and high mean width associated with low axis two scores. 
Species location on the diagram with respect to the axes indicates their association with 
an axis (and therefore their presence in a community; Fig. 7B). Hence, koaro and banded 
kokopu, for example, occur at upstream sites of the upper Wakapuaka River and upper Jenkins 
Stream (Fig. 7A). Fish species occurring on the right-hand side of axis one (e.g., inanga, 
common bully) can be put into a second group where sites have similar physico-chemical 
characteristics (e.g., increased temperature and conductivity), such as the lower Jenkins Stream 
or lower Maitai River (Fig. 7A). Species that occur along the middle of axis one (i.e., koura, 
longfin eel) have less specific relationships with physico-chemical habitat variables and are 
widespread throughout the NCC area. 
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Figure 7. A canonical correspondence (CCA) ordination showing (A) sites and (B) species with 
associated environmental vectors for the Nelson City Council sample area. The site scores of streams 
sampled (A) show lowland sites on the right-hand side of axis one, middle stream reaches in the middle 
of axis one, and upland sites sampled on the left-hand site of CCA axis one. Bi-plots of the freshwater fish 
scores on the first two canonical axes (B) indicate the influence of environmental variables and individual 
species on these community patterns; BK=banded kokopu, BT=brown trout, CB=common bully, GB=giant 
bully, GRAHAM=cockabully, IN=inanga, KO=koaro, KOURA= freshwater crayfish, LF=longfin eel, 
RB=redfin bully, SF=shortfin eel, Torr=torrentfish, UB=upland bully, YM=yelloweye mullet. 
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1.3.2.2. Comparison of community composition between the Nelson City Council area 
and the USI 
 
Site scores of the Northern South Island (i.e., USI including the NCC area) in the CCA 
ordination showed a trend for NCC sites to be on the right-hand side, and USI sites on the left-
hand side of CCA axis one (Fig. 8). Thus fish community structure was again linked to the 
position of a site in the region. In total there were 209 sites from the NZFFD (lower and 
intermediate stream reaches) and 22 fish species (including koura and Paratya) recorded in the 
USI dataset, including Nelson City (Fig. 8A). The bi-plots of environmental variables quantified 
using the 500 m riparian buffer approach indicated land cover types with high impacts (i.e., 
urban and agriculture) and species more tolerant to intensive land use (e.g., eels) were associated 
with the right-hand side of axis one. In comparison, less intensive land-use types (i.e., native 
vegetation) and species susceptible to poor habitat quality (e.g., koaro, shortjaw kokopu, dwarf 
galaxias), fell on the left-hand side of axis one (Fig. 8A). CCA axis two was linked to stream size 
with small water bodies on the lower part and large water bodies on the upper part of the axis. 
Stream size can also be related to distance inland with waterways close to the sea on the top, and 
streams further inland on the bottom, of axis two. Accordingly, estuarine species (e.g., 
cockabully, yelloweye mullet) occurred at the top of axis two and species generally found in 
intermediate stream reaches (e.g., dwarf galaxias), occurred at the bottom of CCA axis two. 
A separate CCA analysis using the same site and species scores as in Fig. 8A (i.e., the 
Northern South Island) derived from the land-cover entire catchment approach showed similar 
associations with the environmental bi-plots (Fig. 8B). Hence, sensitive fish species associated 
with native vegetation (e.g., dwarf galaxiid, shortjaw kokopu) occurred mostly at USI sites (left-
hand side of axis one, Fig. 8B). Species that occurred on the right-hand side of axis one were 
located at sites within the NCC area (e.g., common bully, longfin eel, Fig. 8B). The latter were 
therefore most tolerant to land cover types such as agriculture or urban land use. Similar to Fig. 
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8A, axis two of the catchment-scale CCA describes stream size with communities associating 
with large water bodies in lowland sites occurring at the top (e.g., smelt) and communities 
associating with smaller stream sizes located in intermediate to upper stream reaches occurring 
on the bottom part of axis two (e.g., banded kokopu, shortjaw kokopu). 
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Figure 8. Plots of canonical correspondence ordination showing sites and species with associated 
environmental bi-plots for (A) a riparian strip buffer (500 m up-and downstream, 100 m either side) and 
(B) for the entire upstream catchment for each NZFFD record. The site scores show NCC sites on the 
right-hand side of CCA axis one (     ) and USI sites on the left-hand side (     ). Land-use bi-plots of the 
freshwater fish scores on the first two canonical axes indicate the influence of land-use variables and 
individual species on the community patterns. The arrows represent the correlation of (A) five land-use 
types (estuarine, agricultural, urban, native vegetation, exotic vegetation) and one habitat variable 
(stream size) and of (B) two land-use types (native vegetation, other land cover) with the two canonical 
axes. The position of each fish species represents each individual species’ relative association with the 
ordination axis; BB=bluegill bully, BK=banded kokopu, BT=brown trout, CB=common bully, DWG=dwarf 
galaxias, GB=giant bully, GF=goldfish, GK=giant kokopu, GRAHAM=cockabully, IN=inanga, KO=koaro, 
LAM=lamprey, LF=longfin eel, PAR=freshwater shrimp, RAIN=rainbow trout, RB=redfin bully, SF=shortfin 
eel, SHK=shortjaw kokopu, SMELT=common smelt, Torr=Torrentfish, UB=upland bully, YM=Yelloweye 
mullet. 
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Beyond community composition, a comparison of fish species richness patterns between NCC 
area (Fig. 9A) and USI sites (Fig. 9B) showed a higher proportion of sites with two, three and 
four species per site in the NCC area than in the USI (Fig. 9). In contrast, the USI had a higher 
proportion of single-species and “species-rich” sites (i.e., 5+ species) than the NCC area. Based 
on a chi-square test of independence, these richness patterns were significantly different (χ2 = 
95.2, df = 5, P < 0.001). 
 
 
 
Figure 9. Relative abundance of sites in different fish species richness categories for (A)  the NCC area 
and (B) the USI (excluding the NCC) from the NZFFD with the standard search criteria. 
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1.3.3. The effects of urbanisation on fish species distribution 
 
To determine whether the fish distribution patterns found for the NCC area differed from the less 
intense land use of the rest of the USI, the inland penetrations for inanga (Galaxias maculatus; 
Fig. 10A,C) and banded kokopu (Galaxias fasciatus; Fig. 10B,D) were compared. Both species 
decreased in abundance with distance inland (Fig. 10). Inland penetration differed between the 
two areas, with both species penetrating significantly further inland in the USI than in the NCC 
area (F2,3 = 11.08, P = 0.04). The maximum inland penetrations for inanga were 2.2 km within 
the NCC area (Fig. 10A), and 17.1 km for the USI (Fig. 10C). Banded kokopu were recorded up 
to 7.2 km inland within the NCC area and 18.1 km in the USI (Fig. 10B). 
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As expected, based on the NCC richness-altitude relationship (Fig. 5), results from model-
selection (AIC) indicated distance inland had an important influence on native fish species 
richness in the NCC area (Table 2). For example, the best model (i.e., lowest ∆AIC) among the 
six lacking an inland distance effect had only half the support of the worst of seven models that 
included distance. Overall, however, the top models also included other abiotic and biotic 
variables, so there was a clear effect of local-scale environmental conditions on fish species 
richness. Three models which included combinations of water quality, non-native species, and 
barrier (i.e., culvert) effects (i.e., in addition to a distance effect) were equally supported (i.e., 
∆AIC < 2, with evidence ratios near 1) for the top-model position. Compared to the influences 
covered by the ‘Water Quality model’ (i.e., non-point source pollution, sedimentation and non-
native trout), I considered the impacts included in the ‘Access Model’ (i.e., culverts) more 
manageable for the NCC to address in the short term. I therefore decided to further examine the 
bivariate relationship between culverts and fish species richness, after controlling for the 
overriding inland distance/altitude effect. Fewer species than expected were found at sites with 
many downstream barriers than at sites with uninterrupted access (Fig. 11). 
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Figure 11. Fish species richness per site derived from the NZFFD in comparison to the number of 
culverts downstream for the NCC dataset (n = 105).
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1.4. DISCUSSION 
 
1.4.1. Factors influencing fish occurrence in an urban environment 
 
New Zealand’s cities are small in area, relatively young, and have small populations by world 
standards. Nevertheless, many streams have become greatly affected by the rapid expansion of 
urban development and frequently present poor habitat quality for fish and invertebrate 
communities (Suren & Elliott 2004). There were 17 freshwater fish species recorded in total in 
the NCC area, including the native crustacean koura. This is higher than the fish species richness 
found in Invercargill (1 fish species found), Dunedin (13), Hamilton (15) and Wellington (16), 
but lower than Christchurch (21) and Auckland (24) (Suren & Elliott 2004). This indicates that 
although urban land use might impact fish distribution in the area, there is potential to maintain 
high species richness in Nelson City and urban areas in general. 
 Individual fish distribution indicated koura and longfin eel, both species currently listed 
as being in ‘gradual decline’, were widely distributed in the NCC area (Hitchmough et al. 2007), 
potentially indicating suitable habitat conditions for these species. In contrast, other threatened 
fish species, such as dwarf galaxias (Galaxias divergens) and shortjaw kokopu (Galaxias 
postvectis), were not recorded. My data showed that both species were relatively common in the 
rest of the USI, but it is not clear if urbanisation is the main cause for their absence in the NCC 
area. Possible reasons for their absence could include an increased abundance of physical (i.e., 
dams, weirs) and chemical migration barriers (i.e., stormwater runoff, industrial waste), as 
shortjaw kokopu is one of the five whitebait species which require access to and from the sea to 
complete their life cycle (McDowall & Eldon 1980).  
With regard to chemical migration barriers, the AIC analyses revealed water quality was 
the top driver determining fish distribution within the NCC area, likely causing the absence of 
dwarf galaxias and shortjaw kokopu within the area. Future research could focus on the effects 
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of increased sedimentation in urban waterways on the presence of these two species (Jowett et 
al. 1996). Moreover, Nelson City’s lowland streams represent highly modified environments as 
almost all of the once extensive native lowland forests have been cleared (Nagashima et al. 
2003). My analysis of the USI land-cover patterns indicated shortjaw kokopu occurred only at 
sites with more than 92% native vegetation cover. This is likely due to their reliance on 
spawning habitat with intact riparian vegetation (McDowall 1997; Charteris et al. 2003), 
conditions that are missing in the lower stream reaches of Nelson’s urban streams. Similarly, the 
absence of dwarf galaxias could be related to deforestation of native forest in the NCC area, as 
my analysis showed its presence is strongly associated with sites with more than 98% native 
vegetation cover in the USI. However, non-migratory galaxiids are generally found in stream 
headwaters with long distances inland and high altitudes (Rowe et al. 1999), areas excluded in 
the standard NZFFD search for this study. 
Urbanisation may also have affected the distribution of redfin bullies, a species 
predominantly found at high elevations and long distances inland in the Maitai River in the NCC 
area. Despite its commonness in the Maitai River, the species was absent in The Brook Stream, a 
tributary of the Maitai River. The Brook Stream is a highly modified waterway in the centre of 
Nelson City with an 800 m long artificial concrete channel in the lower reaches which could 
potentially hinder the upstream movement of redfin bullies due to, for instance, uniform water 
velocities (Baker & Boubée 2006). Similarly, inanga absence in the intermediate reaches, and 
shortjaw kokopu and banded kokopu absence in the upper reaches, of The Brook Stream could 
also be due to altered physical (e.g., increased velocities) and chemical (e.g., storm water 
drainage) water characteristics in the concrete channel. Such conditions are likely to filter out 
weak swimmers (i.e., inanga) and water quality-sensitive (i.e., banded kokopu, shortjaw kokopu) 
fish species (Baker & Montgomery 2001; Allibone et al. 2003). 
Fish distribution may not only be influenced by habitat characteristics, but also by factors 
such as predation and spatial segregation due to inter-specific interactions between exotic 
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salmonids and native fish (Minns 1990; Harvey 1991; Townsend & Crowl 1991). Native fish 
communities can be profoundly impacted by the presence of introduced species (McIntosh et al. 
1992) as invasive species, independent of their phylum, are known to be competitively dominant, 
profiting from already impacted habitats such as rural or urban environments (Lozon & 
MacIsaac 1997; Kennard et al. 2005; Marchetti et al. 2006). Trout typically exclude native fish 
species by either competition for food, space or predation, resulting in major declines 
(McDowall 2006). Such interactions are likely to influence the distribution patterns observed in 
the NCC area. The AIC modelling indicated the presence of trout had the second strongest effect 
on native fish distribution. Brown trout were generally widespread throughout the NCC area, 
however, they were absent in small coastal streams (i.e., Jenkins, Orphanage and Saxton 
Streams). In comparison to streams with trout present, which generally contained a low diversity 
of native fish, these streams had healthy populations (i.e., all life stages) of native fish species 
such as banded kokopu. Moreover, trout presence may also influence fish community 
composition of the entire Northern South Island (including Nelson City) as communities seemed 
to split into two groups. One group contained New Zealand native fish species predominantly 
occurring in the USI (i.e., galaxiids) and the other contained introduced species (i.e., salmonidae, 
goldfish), occurring in the NCC area. Trout presence might explain some of the native fish 
distribution patterns observed (McDowall 2006) and future research should analyse this 
relationship further, especially focussing on the effect of trout on migratory galaxiids in urban 
streams. 
However, native-exotic fish interactions were only one factor likely to be driving fish 
distributions in Nelson City, and my analyses revealed important influences of urban land use. 
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1.4.2. Comparison of fish species richness and community composition between an urban-
impaired and un-impaired area 
 
Contrasting Nelson City with the adjacent region enabled me to directly evaluate differences in 
fish species richness between an urban-impacted area and an area with less intensive urban land 
use. Although the number of fish species declines inland in New Zealand (Jowett & Richardson 
1996), my study indicated that sensitive species are still part of the coastal fauna in unimpaired 
lowland stream habitats found in the USI. This resulted in significantly different patterns in 
species richness in both areas. The USI had a higher proportion of sites with five or more fish 
species compared to the NCC area. This could be due to the USI having more sites close to the 
coast with good habitat conditions for fish survival. The lower species richness in the NCC area 
could be because fish species that generally occurred along entire river lengths in the USI, were 
not represented in the lower reaches of Nelson City’s streams. This again is likely to be due to 
unsuitable habitat conditions. Common smelt, for instance, a species that prefers habitat close to 
the sea (McDowall 2001), co-occurred in Nelson City with species that have similar habitat 
requirements (e.g., cockabully, giant bully). However, in the USI, common smelt co-occurred 
with species normally found upstream (i.e., koaro, shortjaw kokopu), indicating that sensitive 
species normally were part of the coastal fish fauna, provided that habitat characteristics were 
suitable (i.e., good water quality, sufficient riparian vegetation). 
Fish species in Nelson City included sensitive species that were relatively susceptible to 
low habitat quality (e.g., banded kokopu; Dean & Richardson 1999; Baker & Smith 2007) as 
well as fish species more tolerant to poor habitat conditions (e.g., longfin eel, inanga and 
common bully; Hanchet 1990; Richardson & Jowett 2002). Tolerant fish species mainly 
occurred in the lower reaches of urban streams, whereas sensitive fish species were mainly found 
in upstream reaches. Such clear-cut habitat selection by fish species between upland and lowland 
sites is likely due to increased urbanisation pressure on coastal sites forcing sensitive species out 
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of lowland sites (Marchetti et al. 2006). This leads to an almost entire absence of sensitive fish 
species in lowland sites within Nelson City. In comparison, USI fish communities associated 
with native forest contained both sensitive species (e.g., lamprey, koaro, banded kokopu) and 
species that were absent from Nelson City (i.e., shortjaw kokopu, dwarf galaxiid). There were 
only a few USI sites associated with urban and/or agricultural land use compared to the NCC 
area, and fish communities at those sites with more intensive land use contained mostly tolerant 
species (e.g., inanga and eels; Hanchet 1990; Hicks & McCaughan 1997; Rowe et al. 1999; 
Rowe et al. 2000). In total these patterns indicate that urban land use is a strong determinant of 
fish community patterns in the Northern South Island. 
Although the impact of land use on fish communities is widely recognised in New 
Zealand and elsewhere (Hanchet 1990; Allan 2004; Scott 2006), there have been only a few 
direct comparisons of land-use impacts at both site- and catchment-scales. My results showed 
that urbanisation not only drives fish communities in waterways immediately surrounded by a 
city, but it also determines fish community composition of the entire upper catchment, where 
urban land use occurs in the lower reaches. 
My results differ somewhat from previous studies indicating freshwater fish assemblages 
usually become more similar at reach scales and at zoogeographic provinces, but less similar 
within one region (Marchetti et al. 2001). In my study fish communities associated with either 
native vegetation or other land-use types were quite similar between site-scale and catchment-
scale analyses within the USI region. The Northern South Island was regarded as a “region” in 
my study, but Marchetti et al. (2001) defined regions as “zoogeographic provinces”. Regardless 
of the definitions, the similarity of the results from analyses at different scales is striking, and 
likely indicates urbanisation is a very strong driver of fish community structure. 
Urbanisation affects fish distribution by multiple mechanisms, including deforestation, 
chemical migration barriers and the presence of non-native fish species, and further analyses 
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showed that migration barriers played a particularly important role for fish distribution in urban 
environments. 
 
1.4.3. The effects of migration barriers on fish species distribution 
 
Diadromous species enter rivers by migrating upstream from the sea, resulting in more species at 
low elevations and near the coast (Hayes et al. 1989; Joy et al. 2000). Despite fish species 
distribution in the NCC area following this “natural” pattern, my analyses showed that 
urbanisation was likely to alter inland distribution of some fish species. Inland penetration of 
inanga, for instance, was significantly reduced in Nelson City than in the USI, resulting in inanga 
being absent in stream reaches intermediate distances from the coast, such as in The Brook 
Stream. Inanga is considered to be a weak swimmer (Mitchell 1989; Nikora et al. 2003), making 
it vulnerable to the effects of migration barriers. However, my analyses revealed similar patterns 
for banded kokopu which was recorded at distances significantly further inland in the USI than 
in Nelson City. Although banded kokopu is considered to be a good swimmer (Mitchell 1989), 
and is normally distributed in middle to upstream reaches (Baker & Smith 2007), the species was 
still absent in many intermediate stream reaches in the NCC area, such as in The Brook Stream. 
The fact that two fish species with different habitat requirements and swimming behaviours were 
present at intermediate and upper distances inland in the USI, but absent from equivalent sites in 
Nelson City, likely indicates a common driver for these patterns.  
The AIC modelling indicated water quality was a main determinant influencing fish 
species distribution within the NCC area, but migration barriers associated with culverts had an 
almost equal impact (i.e., the second strongest AIC model). Culverts are a man-made, common 
and visible feature in urban environments, and compared to the effects of water quality and trout 
presence on fish distribution (the other two factors in the leading models), the impacts of culverts 
might be more manageable in the short term. 
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Further analyses focussing on the effects of culverts as a driver of fish species 
distribution showed there was a significant decrease in fish abundance with an increase in the 
number of culverts downstream, potentially explaining the absence of inanga in the middle 
reaches, and of banded kokopu in the upper reaches, of Nelson Cities streams. By 2008, the NCC 
had 270 culverts recorded within the NCC area, but their actual barrier potential (i.e., whether a 
culvert is perched or not) for fish species is unknown. My results indicate they likely affect fish 
community patterns, filtering out fish species and reducing fish abundance in urban streams. 
 
1.4.4. Implications for urban planners 
 
Urbanisation likely has major effects on freshwater fish distributions and communities, 
impairing stream ecosystems by altering their environment (Paul & Meyer 2001; Wang et al. 
2001), but its effects remain largely unknown. New Zealand’s urban streams have been 
especially affected by the fast spatial growth of cities, but there have only been a few studies 
looking at the impacts of urbanisation on New Zealand freshwater fish communities (Suren & 
Elliott 2004). My study indicates GIS analyses, with easily acquired data, can enable the 
evaluation of land-use effects on fish communities without extensive field sampling. Such an 
analysis allows managers and councils to assess the magnitude of urbanisation effects on fish 
within their region. This should become a compulsory part of urban development. Once councils 
have analysed existing effects, future urban planning should include measures to mitigate the 
“impacts” of urbanisation. My results suggest that urban stream ecosystems require increased 
management effort, integrating both site- and catchment-wide approaches as well as the 
management of multiple mechanisms that drive freshwater fish distributions. However, it might 
be difficult to address all of the factors influencing fish distribution within an urban area. In this 
case, the focus should be set on the strongest drivers such as storm water pollution, or the most 
feasible solution such as removing physical migration barriers. Despite culvert assessments 
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becoming a standard procedure for councils, my study showed that there is still need for 
remediation. 
Finally, it is necessary for urban planners and resource managers to realise that urban 
streams should be valued for more than their role as drainage systems. Ecologically healthy 
streams that are aesthetically pleasing provide attractive places to live and recreate (Suren & 
Elliott 2004). Urban streams may provide the only chance some people have to live near nature, 
highlighting the existing paradox that urban streams frequently become degraded during the 
process of urban development. The real challenge for planners and managers is therefore to 
minimise these adverse impacts, so that our children can enjoy the privilege of nature in cities for 
many years to come. 
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Chapter Two 
 
FACILITATION OF UPSTREAM PASSAGE FOR A NEW ZEALAND MIGRATORY 
FRESHWATER FISH SPECIES 
 
 
 
 
 
 
 
 
Banded kokopu (Galaxias fasciatus) whitebait climbing up a barrel 
installed next to a perched culvert in Golden Bay, New Zealand. 
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2.1. INTRODUCTION 
 
The alteration of urban river systems by physical barriers (Chapter One), is common 
throughout the world and has often been linked with impacts on the freshwater fish fauna up-
and downstream of these structures (e.g., reduced abundances; Allibone 1999; Gibson et al. 
2005b; Boubée & Williams 2006). Culverts have been found to impede fish movement 
particularly. The most predominant impacts include high water velocities both downstream 
and within the culvert itself (Haro et al. 2004), and an impassable vertical undercut drop 
(perch) at the culvert outlet (Adams & Whyte 1990). Thus, over recent years, much research 
has focused on designing ways to allow fish to pass such obstacles (Gibson et al. 2005b; 
Baker & Boubée 2006). However, despite complex engineering guidelines for stream 
crossings, a general lack of detailed information on the swimming performance of target 
species and financial constraints, have commonly led to poor design and installation of fish 
ramps in urban waterways (Haro et al. 2004). This has resulted in ongoing upstream and 
downstream passage issues for migratory freshwater fish species (Gibson et al. 2005b). 
For salmonids in North America or galaxiids in New Zealand, larval/juvenile 
accessibility to upstream and downstream reaches is crucial for species population 
sustainability (McDowall 1998; Coutant & Whitney 2000). Migration is undertaken for the 
purposes of locating suitable habitat, growth, reproduction and food acquisition and is a vital 
part of the life history of these fish (McDowall 2000, 2001). The New Zealand fish fauna is 
distinctive worldwide in that more than half of the species are diadromous (i.e., fish which 
migrate between the sea and freshwater; Myers 1949; McDowall 1998; Joy et al. 2000), so 
barrier-free waterways are essential in allowing longitudinal migration to the up- or 
downstream reaches. However, connectivity between water bodies does not just apply to 
diadromous fish species. Providing successful passage throughout a waterway is also 
important for so-called resident riverine fish species that regularly migrate considerable 
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distances throughout a watershed (potamodromous species) such as golden perch (Macquaria 
ambigua; Reynolds 1983; Coutant & Whitney 2000; Haro et al. 2004; Griffiths 2006). 
Migratory fish species, especially in New Zealand, often concentrate in lowland 
streams to spawn (McDowall 1993) and those streams can be disproportionately affected by 
urbanisation (Knaepkens et al. 2006). In the same way that the presence of migration barriers 
can be directly related to urban land use, fish decline can also be linked to urbanisation 
(Magaud et al. 1997; Suren & Elliott 2004). Thus, improving upstream passage at culverts is 
not only crucial because many species are an important component of New Zealand’s 
freshwater fish fauna (e.g., food supply for many birds and predatory fish species) (Jowett 
2002; Rowe et al. 2002), but also because five of the migratory galaxiids make up a 
substantial part of New Zealand’s whitebait fishery (Rowe et al. 1992). Whitebait is 
considered to be a luxury product (Mardones et al. 2008) with values up to $83 USD per 
kilogram at the time of writing. However, stocks have substantially declined in New Zealand 
and South America in the past 100 years (Rowe et al. 2000; Jowett 2002; Haggerty 2007; 
Mardones et al. 2008), and consequently fishery authorities have great concerns over the 
effects of urbanisation on fish movement, calling for a better understanding of methods to 
improve in-stream connectivity. 
Inanga (Galaxias maculatus Jenyns) are the most common species in the New Zealand 
(and overseas) whitebait fishery (Jowett 2002; Mardones et al. 2008) and it is sensible 
therefore to focus efforts on improving passage barriers for this species. Inanga are a small 
(80-150 mm long) and slender, olive-coloured fish species with a translucent juvenile phase. 
They are widely found throughout New Zealand at low elevations, as well as in eastern and 
western Australia, Tasmania, South Africa and the southern-most parts of South America. 
Inanga are reproductively mature after one year when they migrate downstream to estuaries in 
autumn to spawn a few-hundred to a few-thousand eggs amongst vegetation, upstream of the 
tidal salt wedge. After hatching, the larvae (c. 7 mm long) migrate to sea to feed and grow, 
Chapter Two – Introduction 
 
54
before returning to freshwater as whitebait (c. 45-50 mm, 21-23 weeks old) (McDowall 
2000). Migratory barriers are expected to have a particularly large impact on the whitebait 
stage of this species, and the inability of these young-of-the-year to ascend culverts may be a 
crucial factor limiting inanga recruitment in a river system (Stuart & Mallen-Cooper 1999; 
Baker 2003). Therefore, it is essential to continue to focus on the swimming behaviour and 
ability of juvenile inanga to negotiate obstacles in order to better understand how this species, 
and other migratory fish species more generally, are able to overcome anthropogenic barriers. 
There has been some research on fish passage requirements of inanga (e.g., Baker & 
Boubée 2006), but due to a lack of knowledge of the species’ life history and behaviour at 
barriers, the results are often not easily applicable (Jowett 2002; Baker 2003). Moreover, most 
studies have focused on the adult stage, yet inanga migrate as juveniles (Kemp & Williams 
2008). As this species is considered to be a weak swimmer (Mitchell 1989; Baker & Boubée 
2006), determining passage requirements based on their swimming ability could likely be 
extrapolated to other weak swimmers, such as bully species (Gobiomorphus spp., Gobiidae). 
Hence, my study of upstream passage is also applicable to non-commercially important fish 
species. 
The swimming capability of species at barriers is a major criterion when investigating 
fish passage design and depends on several environmental variables (Baker & Boubée 2006; 
MacDonald & Davies 2007; Tudorache et al. 2008). The two main variables are water 
velocities within (barrel) and downstream of a barrier (Haro et al. 2004; Peake 2004; House et 
al. 2005) and/or physiological effects related to fish size, age or fatigue (Nikora et al. 2003). 
New Zealand’s native fish species do not pass barriers by jumping as salmonids do (Naughton 
et al. 2007; Kemp & Williams 2008), instead they climb vertical wet rock surfaces using 
either surface tension (e.g., koaro, Galaxias brevipinnis) or use snake-like motions (e.g., 
Anguillidae) (McDowall 1993, 2003; Eikaas & McIntosh 2006). Fish species that cannot 
climb, such as inanga or bullies, must burst swim past or over high velocity areas. 
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 Despite these morphological and behavioural adaptations (e.g., modified climbing or 
swimming abilities), many species are still unable to get past in-stream barriers that are 
perched, lack wetted margins or create sustained high velocity flows (Boubée et al. 1999). 
Inanga are particularly affected by high water velocities at culvert entrances, hindering their 
upstream migration (Mitchell 1989; Baker & Boubée 2006). Determining the swimming 
ability of weak swimming species like inanga will allow urban planners and resource 
managers to appropriately design under-road crossings, facilitating upstream movement for 
many fish species and therefore maintaining a diverse freshwater fish fauna in urban 
environments. 
To fully appreciate the relationship between water velocities and the swimming ability 
of inanga, there are three dominant swimming modes that need to be understood (Nikora et al. 
2003). Sustained swimming is an aerobic motion that can be maintained for an indefinite 
period, whereas burst swimming is a short, high speed anaerobic motion that cannot be 
maintained for prolonged periods. The intermediate of these two is prolonged swimming, 
which involves both aerobic and anaerobic processes of energy supply (Weihs 1974). Once 
the different swimming modes of a target species are known, ramps can be designed 
accordingly to enable fish to proceed past barriers (Peake 2004). If ramps are to be successful, 
fish must be able to ascend them quickly (Baker & Boubée 2006). Hence, for management 
applications the knowledge of fatigue plays a particularly important role (Hammer 1995), and 
the swimming capability of the target fish species should be considered when designing fish 
ramps (Hudson 1973; Peake et al. 1997a; Peake et al. 1997b; Boubée et al. 1999; Tudorache 
et al. 2008).  
To overcome the main issues related to culverts as migration barriers, my study 
focused on determining the most important variables affecting fish passage. The ultimate goal 
of this research was to design more effective fish passages for use in urban stream design. 
With this in mind, my objectives were: (1) to investigate how the climbing ability of juvenile 
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inanga was influenced by changing the angle and the length of a fish ramp; (2) whether 
upstream movement and hence passing success could be improved by providing resting 
opportunities and (3) what effect fish size had on passing success.
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2.2. MATERIALS AND METHODS 
 
2.2.1. Experimental design 
 
To determine how best to reduce the effect of migration barriers on juvenile inanga, I 
designed an artificial ramp to simulate conditions fish face at migration barriers. This allowed 
the effects of ramp length, ramp angle and the presence of pools as resting opportunities on 
the success or failure of inanga to traverse fish ramps to be tested. To measure the passing 
success of juvenile inanga, a three metre long ramp constructed from corflute (polypropylene) 
and Astroturf was set at one of three different angles (5°, 15° or 25°) with either zero pools, 
one pool (at 1.5 m distance) or two pools (at 1 m and at 2 m distance) (Table 1). 
 
Table 1. The six treatments tested including three different angles, each having two pool 
combinations. 
Angle 5° 15° 25° 
Number of Pools 0 1 0 1 1 2 
 
The angle and pool combinations used in my experiments were considered the most suitable 
to study climbing behaviour of inanga, as previous research has shown this species is able to 
pass a 1.5 metres long ramp at 5° and 15° angle without resting opportunities. However, to 
successfully traverse ramps longer than 1.5 metres and steeper than 15° they need resting 
pools (Baker & Boubée 2006). Thus, by installing either one or two pools at 25°, I expected 
upstream passage to improve compared to the study of Baker & Boubée (2006). 
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2.2.2. Experimental apparatus and ramp hydraulics 
 
A recirculating freshwater flow system pumped water from a lower holding tank (40 l) to an 
upper holding tank (20 l) connected by a ramp (Fig. 1A). To ensure upstream passage was not 
restricted by water depth, mean water depth in the pools (25 mm) and on the ramp (15 mm) 
was always kept at least twice the body depth of the largest juvenile fish tested by regulating 
flow conditions. The length of the ramp was 3500 mm with 500 mm immersed in water at the 
lower end so the actual ‘climbing’ length was 3000 mm. The ramp had a total width of 300 
mm and was v-shaped in cross-section (Fig. 1B).  
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I used Astroturf (synthetic turf) as the surface material for the ramp with a grass length of 10 
mm (Photograph 1A); this material produced substratum characteristics conducive to fish 
climbing. The rough Astroturf surfaces also increased surface tension, enabling fish to rest 
(Baker & Boubée 2006). To provide further resting opportunities for fish during the climb, I 
created pools by deforming the Astroturf from the underside with sand bags (Photograph 1B). 
Pool length (200 mm) at each angle was maintained by adjusting the height of the sand bags 
according to the steepness of the ramp. 
 
 
 
 
 
 
 
 
 
 
 
 
Photograph 1. (A) Astroturf was used to provide a rough surface allowing fish to rest during their 
upstream climb without getting washed back into the lower holding bin, and (B) a pool (arrow) was 
created at 1.5 m to provide further resting opportunities for fish. 
 
A 10mm B 
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2.2.3. Animal capture and maintenance 
 
Juvenile (fork length < 60 mm) inanga were sourced from a small tributary of the Wakapuaka 
River at the Paremata Flats Reserve, within the Nelson City Council area. Fish were caught 
with a whitebait set-net (2 mm-mesh net) and kept for up to three days in live boxes within 
the stream (Photograph 2). Pilot studies have shown that holding fish in live bins reduces 
stress and increases passage performance (Baker 2003). 
 
 
 
 
Photograph 2. A live box in a small tributary of the Wakapuaka River at the Paremata Flats Reserve 
enabled me to keep fish in their natural environment before being used in experiments.  
 
A maximum of 100 fish were transported in 20 l containers to the laboratory at least 24 h 
before commencement of each run of the experiment to allow fish to adjust to the tank 
conditions (i.e., water temperature, oxygen levels) before experiments started. In the 
laboratory, fish were kept in an aerated 30 l tank for a maximum of three days. Fish were fed 
each evening with chironomids. Stream debris (i.e., rocks, algae) was added to the tank to 
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provide cover. The tank water was piped from a local stream close to the laboratory and 
replaced daily. Water temperature in the tank ranged from 13° to 19° C. 
The experiments were carried out in October and November 2008 at the Aquaculture 
Facility of the Cawthron Institute at Glenduan, twelve kilometres northeast of Nelson City, 
New Zealand. Experiments were conducted between 0700 hours and 2000 hours, as whitebait 
generally move during daylight hours (Stancliff et al. 1988; Baker & Boubée 2006). For each 
trial, ten randomly selected fish of varying size, but all < 60 mm fork length, were placed in a 
lower holding tank and given three hours to pass the ramp. To minimise disturbance by 
observers, a curtain was erected beside the ramp after fish were placed in the lower tank. 
After three hours, I counted and measured (mm, fork length) the number of fish that had 
successfully traversed the ramps (Photograph 3). That is, fish that made it into the upper tank 
were successful, but fish that were still on the ramp, in the lower tank or in either of the pools 
after three hours were considered to have not passed the ramp. Each day up to four 
experiments were run (i.e., sampling day as a random factor) with each experiment having a 
different treatment combination. Each treatment combination was repeated five times (i.e., 5 
replicates per treatment). For each replicate trial a different set of ten fish was used; fish that 
were used in experiments were released at the end of each day into the main stem of the 
Wakapuaka River, thus minimising the likelihood of recapture. 
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Photograph 3. After the experiment fish were measured (mm, fork length) to determine whether 
passing success depended on fish size. 
 
2.2.4 Statistical analyses 
 
Analysis of covariance (ANCOVA) was used to evaluate if pool presence (one pool) and 
ramp angle (5° and 15°) influenced minimum water velocity. A two-sampled t-test was used 
to test whether there was a significant difference in the number of fish passing the ramp at 15° 
compared to 5° slope. Fish size and the number of fish to successfully pass the ramp were 
square-root transformed where necessary to meet assumptions of normality and homogeneity 
of variances. ANCOVA, ANOVA and the t-test were conducted in STATISTICA 8.0. 
To assess the effect of fish size on passing success at 5°, 15° and 25° ramp angles with 
one pool, I used a generalized mixed-effects (GME) model (using the lmer package in R; R 
Foundation 2007) with a binomial distribution (i.e., pass or fail). This allowed me to test the 
fixed effects of ramp angle (categorical variable) and fish size (continuous variable) on 
whether the fish were able to traverse the ramps while accounting for any variation that was 
due to running the experimental trials over different days (random block effect). I used model 
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simplification (Crawley 2007) with maximum likelihood (ML) estimation, where the fixed 
effects of ramp angle, fish size and their interaction were removed one-by-one from the model 
to estimate the chi-square statistic and its significance level for each of the fixed effects and 
their interaction on fish passing success. 
I used a GME model with a normal distribution to determine whether resting 
opportunities (i.e., the presence or absence of one pool) influenced the number of fish 
(continuous response variable) that were successful in passing 5° and 15° ramp angles. Again, 
the main and interactive effects of ramp angle and pool presence/absence were tested using 
model simplification and ML (as above), after taking into account any variation due to 
sampling day (random block effect). 
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2.3. RESULTS 
 
2.3.1. Hydrodynamics of ramp and pools 
 
Overall, water flow on the ramp was uniform, due to the consistent substratum texture. 
ANCOVA indicated minimum velocities were slower in the pools than on the ramp, and 
increased with ramp angle (F1,3 = 27.27, P = 0.01, Fig. 2). However, the presence of pools did 
not affect water velocities on the ramp (F1,3 = 7.94, P = 0.06; Fig. 2). Water depth on the ramp 
and in pools also depended on angle, with deeper water levels on lower ramp slopes (Table 2). 
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Figure 2. Mean (± S.E.) minimum velocity measured at different slopes on the ramp (    ) and in         
pools (     ). 
 
2.3.2. Fish behaviour 
 
Once in the experimental channel, fish adjusted rapidly to their new environment, attempting 
to climb after approximately ten minutes. Fish continued to attempt upstream passage during 
the entire three hours of a trial. To pass the ramp, fish would begin to swim in the main 
current at the base of the ramp before attempting an upstream climb by burst swimming. 
Some fish did not succeed in entering the main channel in the first instance and were washed 
back into the lower holding tank. Others burst swam up the main channel until they reached a 
pool or moved into the wetted margin at the sides of the ramp to rest before continuing their 
attempt (Photograph 4). 
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Photograph 4. An inanga on the wetted margin of the ramp. In general fish burst swam up the ramp 
for approximately one metre, before they moved to the wetted margin of the Astroturf.  
 
2.3.3. The effect of angle on fish passing success 
 
Fish were randomly selected across all trials and were variable in size, ranging from 40 mm to 
58 mm. A two-sample t-test showed that fewer fish were able to successfully climb ramps 
with a 15° angle than a 5° angle, when only one pool was present (t8 = 2.9, P < 0.05; Fig. 3). 
As no fish passed at 25°, I could not use ANOVA because the homogeneity of variances 
assumption was violated. However, the 95% confidence interval for the mean number of fish 
passing at 15° (2.1 - 3.1 fish passed per trial) did not include zero, and so was significantly 
different to the number passing at 25°.  
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Figure 3. Mean (± S.E.) number of fish passing the ramp at 5°, 15° and 25° angles with 1 pool. 
 
2.3.4. The effects of fish size and pool presence on passage success 
 
A binomial mixed-effects model indicated larger fish were able to climb steeper angles (Table 
3a; Fig. 4). There was no significant interaction between the two variables (Table 3a). To pass 
the ramp with a 50% probability, the analysis indicated fish needed to be larger than 49.6 mm 
at a 5° slope and larger than 54.6 mm at a 15° slope (Fig. 4).  
A linear GME indicated that pool presence did not significantly influence fish passing 
success, but fish were more likely to successfully climb shallow ramps than steep ramps 
(Table 3b; Fig. 5). There was no significant interaction between the two variables (Table 3b). 
Although the presence of pools did not significantly improve upstream passage (P = 0.08, 
Table 3b), there was a trend for pools to increase the likelihood of successful passage, 
especially at 15° (Fig. 5). 
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Table 3. Generalised mixed-effects models testing the fixed main and interactive effects of (a) ramp 
angle (5°, 15°, 25°, one pool) and fish size on the success or failure of fish to climb the ramp (binomial 
distribution), and (b) ramp angle (5° and 15°) and pool presence (no pool or one pool) on the number 
of fish that successfully climbed the ramp (normal distribution), while accounting for variation due to 
sampling day (random block effect). Model simplification (Crawley 2007) was used to estimate the chi-
square (χ2) statistic and its significance level (P <0.05) for each of the fixed effects and their 
interaction. df = degrees of freedom, var. = variance due to sampling day (random block effect), P 
values <0.05 are indicated in bold. 
 
Response Predictor Var. χ 
2 df P value 
(a) 
Fish passed/failed 
 
Sampling day 
Angle 
Size 
Angle x Size 
 
276.33  
    7.01 
229.17 
    5.05 
 
 
1 
1 
2 
 
 
  0.029 
<0.001 
  0.079 
 
(b) 
Fish passed/failed 
Sampling day 
Angle 
Pool  
Angle x Pool 
0.004  
    9.57 
    2.91 
    1.71 
 
1 
1 
1 
 
  0.002 
  0.080 
  0.190 
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Figure 4. The size of fish that successfully climbed (pass) the ramp versus those that did not (fail) at  
5° (    ) and 15° (    ) angle with no pools, and their predicted passing size at 5° (     ) and 15° (      ) 
ramp angles determined by a logistic mixed-effects model. 
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Figure 5. Mean (± S.E.) number of fish that passed the ramp at 5° and 15° with zero (            ) pools 
or one pool (            ), tested with a linear mixed-effects model. 
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2.4. DISCUSSION 
 
The alteration of river systems by migration barriers is common throughout the world and 
impacts on freshwater fish faunas have often been documented (Chapter One; Fitch 1996; 
Allibone 1999; Paul & Meyer 2001; Pringle 2001). Hence, designing an effective fish passage 
for new, as well as for existing in-stream structures will play an important role in the population 
sustainability of many fish species (Schilt 2007). Although a variety of facilities have been 
designed to ease upstream fish passage (e.g., Baker & Boubée 2006; Richmond et al. 2007), 
engineers and managers mostly focus on large in-stream structures (e.g., dams and weirs), 
disregarding smaller, but potentially equally inhibiting, structures. It is often the small structures 
such as culverts (diameter < 1.5 m) that present a barrier, especially to small fish species 
(Stevenson et al. 2008). One way to mitigate these effects is the installation of fish ramps. 
When studying fish ramp designs, there are several factors that need to be considered. 
Fish size, for example, plays an important role, as larger fish are generally able to swim faster 
and longer (Mitchell 1989; Harding et al. 1998; Peake 2004; Tudorache et al. 2008). However, 
previous studies have neither included small fish (juveniles) nor slope aspects in their evaluation 
of fish passage design (Boubée et al. 2001; Knaepkens et al. 2006; Naughton et al. 2007). 
Consistent with previous research on adult fish (Baker & Boubée 2006), the juveniles in my 
study needed to be larger to pass a steeper gradient. Specifically, fish had to be 5 mm larger to 
surmount the ramp at 15 degrees than those at 5 degrees. This result highlights the importance of 
considering size and life stage of target fish species when constructing fish ramps (Nikora et al. 
2003). When planning fish passage at culverts during, for instance, juvenile migration periods, 
fish ramp angle should be as small as possible to provide successful passage for weak swimming 
species or life stages. 
Many New Zealand indigenous fish species tend to be small (50 – 70 mm length) when 
beginning their upstream migration, so this size-dependent ability to climb means there is 
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potential for even slight changes in the physical environment to affect their ability to move 
through a watercourse (Baker & Boubée 2006; Stevenson et al. 2008). Water velocities are one 
of the main parameters likely to affect passage of small fish species (Baker & Boubée 2006). To 
successfully design fish ramps, water velocities on, within and downstream of the barrier need to 
be considered (Peake et al. 1997b; Haro et al. 2004; Peake 2004; House et al. 2005). The 
minimum water velocity tested in my study increased with slope, and although water velocities 
at 15 degrees still allowed 12% of the juvenile inanga tested to successfully negotiate the ramp, 
none passed at 25 degrees. Thus, angles steeper than 15 degrees could potentially increase the 
velocity on fish ramps beyond the ability of weak swimming fish (Baker & Boubée 2006; 
Tudorache et al. 2008). 
High-velocity flow zones characterize many natural rivers and are often unavoidable or 
even intentional features of fishways, dams and culverts (Warren 1998; Parker 2000; Haro et al. 
2004). For velocity to be considered a barrier, it must exceed the physiological or behavioural 
capabilities of the target species and life stage of the fish that are expected to be migrating 
(Parker 2000; Haro et al. 2004; Stevenson et al. 2008). Increased water velocities can also cause 
changes in burst swim distances. Boubée et al. (1999) showed the maximum burst swim distance 
for adult inanga changed from 6.2 m at 0.35 m/s to 2.1 m at 1.0 m/s. These measurements were 
made for adult inanga at a single channel angle. However, they illustrate how burst swim 
distances for juveniles could vary accordingly with fish ramp angle and hence water velocities. 
As water velocities are closely related to ramp angle, the latter is another important 
variable that needs to be considered when designing fish ramps. Significantly fewer fish passed 
the ramp at 15 degrees than at 5 degrees in my study, and only one fish traversed the ramp 
successfully at 25 degrees (with two pools installed). Thus, fish ramps constructed at 25 degree 
angle at a length of three metres would only provide passage to fish species that are better 
swimmers than inanga, such as redfin bullies (Gobiomorphus huttoni; Baker & Boubée (2006)). 
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Fish ramps designed to allow juvenile inanga passage should therefore ideally be installed at an 
angle of 5 degrees and not steeper than 15 degrees. 
Ramp length may also have affected fish passage in my study. My ramp length provided 
realistic estimates of passage ability past intermediate sized obstacles such as small diameter 
culverts (diameter < 1.5 metres), enabling some individuals to successfully negotiate the full 
length of the ramp. However, Baker & Boubée (2006) looked at juvenile inanga (44 – 55 mm) 
climbing ability over a 1.5 m long ramp and found that 75 % of fish successfully negotiated all 
ramps at a 15 degree angle, independent of surface substrate. In my study only 12 % of fish 
passed at an angle of 15 degrees over a ramp twice the length (3 m). Other factors influencing 
passage success may have differed between our studies, but inanga passage increased by six 
times on a ramp half the length. Thus, the trade-off between ramp length and angle deserves 
further investigation. 
In many cases, the height of a structure determines the length of a ramp, as the higher the 
structure, the longer the ramp must be. Ramp length, in this case, may be a problem for fish if the 
distance they can travel at any one time is restricted to less than the full length of the ramp. Some 
fish may be able to swim faster than the velocity of water on fish ramps over short distances, but 
not up long ramps (Parker 2000). The high energy costs involved during the upstream movement 
may mean fish become exhausted before they reach the end. In these situations, resting areas are 
recommended (Boubée et al. 1999), explaining why I investigated the influence of pool 
presence. The lack of resting areas existing in a uniform environment, such as on bare fish ramps 
or in a culvert, may be problematic for fish attempting to ascend a fish ramp (Clay 1995; 
Rajaratnam et al. 1997). Uniform velocities are usually not found in natural rivers, as riverbed 
substrata break up water flow, resulting in diverse flow environments (Stevenson et al. 2008). 
Flow non-uniformity provides resting areas of low velocity, enabling fish to move upstream 
without exceeding their fatigue limit (House et al. 2005). Moreover, preferential selection of low 
velocity refugia as resting opportunities is well known in fast flow environments (Nikora et al. 
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2003; MacDonald & Davies 2007). Hence, offering pools to rest during their upstream climb 
may improve passage success for any given fish species (Dominy 1973; Rajaratnam et al. 1997; 
Kim 2001). Although the presence of pools had no significant effect on the number of juvenile 
fish that passed the ramp at any angle in my study, the results were very close to being 
significant for the pool presence by angle interaction. Fish may not have been exhausted enough 
after a one and a half metre climb at any slope to actually use the pools to rest in my study. 
Furthermore, pools that have been installed at fish ramps formed turbulences (macro-eddies) 
which can hinder fish resting ability (Kim 2001; Liao et al. 2003b; Richmond et al. 2007; Pavlov 
et al. 2008). Further investigation of the role of pools as resting opportunities for juvenile fish 
would therefore be worthwhile. 
Suitable surface substrate may also offer sufficient resting opportunities for fish during 
their climb and likely affected passage in my study. Surface substrata in general should be as 
rough as possible to both reduce flow and widen the wetted margin, offering fish opportunities to 
rest (Hegberg et al. 2001b; Haro et al. 2004). Miradrain© (raised 24 mm high cups on a flat 
surface, each 16 mm apart) produced the most successful passage in the study by Baker & 
Boubée (2006). However, I tested Miradrain© as surface material prior to my Astroturf 
experiments, and found it less suitable as fish were unable to maintain a grip on the material. 
Until further data have been gathered on the effects of resting opportunities, fish ramp designs 
should provide at least one wetted margin with rough surface substrata to enable fish to rest 
during their upstream movement. 
 
2.5. CONCLUSION 
 
Several techniques have been employed to resolve the problem of how to design effective fish 
ramps for culverts, but often constraints of time, effort and money have limited the scope of the 
experiments to find suitable and applicable solutions to migration barriers (Castro-Santos et al. 
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1996). The main issue related with fish passage design is the lack of information about the 
biology of target fish species. My findings add to the knowledge of the swimming behaviour and 
climbing capability of a weak-swimming species. Furthermore, the information gathered can be 
applied in the field: ramp dimensions (i.e., width, length, angle) will need to be adjusted to the 
flow regime and to the dimensions of the barrier present to facilitate juvenile inanga passage. 
Incorporating these adjustments will enable upstream passage during low and high flow 
conditions. To increase the chance of fish passage in large waterways, ramps should also 
preferably be present along both banks to enable fish to conduct their upstream climb at both 
sides of the channel (Clay 1995). Fish ramps are frequently installed at considerable distances 
from, for instance, weirs or dams to keep the ramp angle as shallow as possible. When 
approaching such a barrier, however, fish often try to find passage directly at the barrier, making 
it difficult to locate the ramp entrance (Neil Deans, Nelson Marlborough Fish & Game, personal 
communication). Hence, fish ramps should be installed at the immediate downstream side of a 
barrier as long as shallow ramp angles can be maintained.  
Managers need to carefully adjust the trade-off between ramp length, angle and life stage 
of the target fish species before installing fish ramps in the field. For weak swimming species, 
ramps should, if possible, have a maximum angle of 15 degrees over a three metre length, with 
rough surface materials to reduce water velocities. Although the installation of pools did not 
significantly improve upstream passage in this study, further research could indicate they may 
improve passage at ramps longer than three metres. Future experiments could also incorporate 
juveniles of other migratory species, thereby providing valuable information for the development 
of optimal passage solutions for target species (MacDonald & Davies 2007). Finally, passage 
designs should be orientated toward more than just one target species to provide passage for a 
wide variety of fish species. However, within the group of target species, the weakest swimmer 
should set the passage requirements (Boubée et al. 1999). I studied inanga because it is 
considered one of the weakest swimming species in New Zealand (Mitchell 1989; Baker 2003; 
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Nikora et al. 2003; Plew et al. 2007). Thus, my findings can, and should be, used as base data for 
passage design, improving upstream passage of many fish species. This might eventually allow 
upstream fish diversity to expand and fish populations to be sustained in urban waterways. 
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DESIGN TO ASSIST FISH PASSAGE 
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3.1. INTRODUCTION 
 
Worldwide, stream fish distributions are influenced by urbanisation, including storm water run-
off, habitat destruction, increased sedimentation and physical migration barriers (Hogg & Norris 
1991; Paul & Meyer 2001; Bernhardt & Palmer 2007). The latter play an especially important 
role in determining fish distributions as culverts in particular, obstruct fish passage, influencing 
up- and downstream fish communities (Chapter One; MacDonald & Davies 2007). In the USA 
culverts create more barriers to fish passage than other structures, but due to cost constraints, 
corrugated metal pipe culverts are frequently installed instead of more environmentally benign 
bridges (Johnson & Brown 2000; Gibson et al. 2005a). Culverts allow water to flow under roads 
at stream crossings but they often form a rigid boundary in a dynamic stream environment. As a 
consequence, they are capable of altering local physical characteristics, hydraulic conditions and 
biotic linkages within streams. Although engineering guidelines for culvert design and 
construction are well established, the primary engineering design objective is typically to 
maximise the hydraulic capacity of the structure for minimum cost, with little attention given to 
fish passage requirements (Boubée et al. 1999). 
Fish passage problems at culverts are primarily related to two issues: perching at the culvert 
outlet (caused by excessive scour below the downstream end of the pipe) and uniformly high 
velocities within and downstream of the culvert (O'Hanley & Tomberlin 2005; Wargo & 
Weisman 2006; Kemp & Williams 2008). With regard to the latter, fish prefer to use non-
uniform flows as found in un-modified streams during their upstream movements as they provide 
resting areas of low velocity, enabling fish to move upstream without exceeding their fatigue 
limit (Bender et al. 1992; Peake et al. 1997a; Webb 1998; Liao et al. 2003a). However, the 
uniformly high water velocities that fish often encounter at culverts, often exceed their 
swimming capability, resulting in unsuccessful passage (Hammer 1995). Increased water 
velocities at the culvert outlet can also cause culverts to perch, thereby increasing the drop-off 
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height (distance from the water surface to the culvert outlet lip). This commonly results in 
undercut culverts, presenting fish passage barriers. 
Fish trapped below culverts can suffer heavy predation, which is likely to result in disjunct 
distributions (Stuart & Mallen-Cooper 1999; Coutant & Whitney 2000). Barriers also cause 
declines of adult stocks and reduce abundance up- and downstream of structures (Joy et al. 2000; 
Baker 2003). In Australia, impacts of dams and weirs on fish migration have been identified as 
major causes of native fish population declines (Dodd et al. 2004) and in the Inner Bay of Fundy, 
Canada, salmon runs have fallen from 40,000 adults to only several hundred (over a 99% 
decline) over the past 20 years due to migration barriers (Faragher & Harris 1994). 
Many fish species encounter either natural or artificial obstacles during their migrations, 
resulting in different species developing different methods to negotiate impediments. Some pass 
barriers by sinusoidal motion (eel species; Anguillidae) or by climbing along wetted margins 
(juvenile kokopu and koaro, Galaxias spp.), some by sucking (lampreys; Geotria australis), 
jumping (Salmonidae) or burst swimming (inanga adults, Galaxias maculatus) (Mitchell 1989; 
O'Hanley & Tomberlin 2005). Still, despite these morphological and behavioural adaptations, 
many species are unable to get past in-stream barriers, especially if they are perched, lack wetted 
margins for fish to rest, or create sustained high velocity flows (Boubée et al. 1999; Haro et al. 
2004). Because of the lack of detailed information on swimming and climbing performance, 
engineers and managers are frequently unable to assess whether a species of concern will be able 
to pass such simple structures as culverts (Boubée et al. 1999). To be able to remediate passage 
obstructions, it is important to improve our knowledge about swimming performance and fish 
behaviour at barriers.  
Successful migrations are a vital part of the life history of many fish species, and are 
undertaken for purposes such as locating suitable habitat, growth, reproduction and food 
acquisition (Hammer 1995; Nikora et al. 2003; House et al. 2005). Unimpaired migrations are 
particularly crucial in the lifecycles of New Zealand fish species as 45 % are diadromous (sea-
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migratory) (McDowall 2001). Connectivity between water bodies is not just important for 
diadromous fish species (e.g., galaxiids, salmonids), but also for potamodromous (migration 
within freshwaters) fish species such as cyprinids (McDowall 1993, 1998; Knaepkens et al. 
2004; Knaepkens et al. 2006). Thus, successful upstream passage is necessary for maintaining 
sustainable populations of a wide variety of fish species, highlighting the need for a better 
understanding of fish behaviour at barriers. 
Migratory galaxiids, in particular, represent a very important component of New Zealand’s 
freshwater fish fauna, because of their contribution to the whitebait fishery (McDowall 2000; 
MacDonald & Davies 2007; James & Joy 2008). However, there is little quantitative information 
on the heights, slopes and velocities these fish can traverse. Providing upstream access for 
inanga (Galaxias maculatus, Jenyns, 1848) in particular, should be a priority as it is not only the 
smallest and weakest swimmer, but also the most abundant of the five whitebait species, 
comprising up to 80 % of the New Zealand (and South American) commercial and recreational 
whitebait fishery (MacDonald & Davies 2007; Mardones et al. 2008). 
The inanga is a native New Zealand fish with widespread distribution at latitudes greater than 
30° South. It has a circum-Antarctic distribution in both freshwater and coastal waters, and can 
be found in South America (Chile and Argentina), South Africa, Australia and Tasmania 
(McDowall 2001). G. maculatus is diadromous, meaning its larvae migrate to sea where they 
spend the winter developing into juveniles (whitebait). During spring each year, whitebait return 
to fresh water in search of habitat for growth to adulthood (McDowall 2001). As inanga inhabit 
the lower reaches of most New Zealand rivers, and because many New Zealand cities are located 
along the coast, their spring migrations frequently encounter culvert barriers (Baker & Hicks 
2003). Fish pass issues are therefore a significant impact of urban development in New Zealand 
(Chapter One) and their effects could be mitigated by retrofitting or designing culverts with fish 
ramps (Chapter Two; McDowall 2000; Rowe et al. 2002). 
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Fish ramps are hydraulic structures that enable fish passage upstream of an obstruction 
(Baker 2003; Suren & Elliott 2004). Their efficiency depends on attracting fish that are seeking 
passage, as well as the safe and speedy transport of fish (Bender et al. 1992). However, culvert 
design does not always take into account the ecology of particular fish species (Bender et al. 
1992). Most efforts to improve fish passage through culverts have targeted upstream movements 
of commercially important fish species (e.g., adult salmonids; Stuart & Mallen-Cooper 1999; 
Kemp & Williams 2008), with the requirements of non-salmonid species and other life stages 
(e.g., juveniles) being largely un-known (Peake et al. 1997a; Knaepkens et al. 2006; Richmond 
et al. 2007). Juveniles, in particular, have different requirements for water quality (Coutant & 
Whitney 2000), depth and/or velocity (Chapter Two; Rowe & Dean 1998; Baker & Hicks 2003) 
than adults, and may be unable to utilise current culvert designs (House et al. 2005). Finally, a 
lack of understanding of fish behaviour in response to conditions encountered at culverts and 
ramps often limits the effectiveness of these structures. Moreover, design efforts usually rely on 
information available about swimming capability from laboratory studies (Kemp & Williams 
2008). Although laboratory studies can provide close approximations to conditions fish 
encounter in nature, there have been no field studies conducted on the swimming performance of 
juvenile inanga (Chapter Two; Haro et al. 2004). My study addressed these issues, focussing on 
the swimming behaviour of juvenile galaxiids to identify aspects of culvert engineering that will 
improve fish passage. The main objectives were to investigate: (1) how different culvert designs 
(i.e., box culverts versus pipe culverts) and (2) habitat variables (e.g., water velocity, riverbed 
gradient) affect the passage success of juvenile inanga (Galaxias maculatus). I also investigated 
how passage of juvenile inanga at culverts could be improved by in situ ramp installation. 
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3.2. METHODS 
 
3.2.1. Experimental design 
 
I conducted two in situ experiments at 13 small (mean diameter < 1.5 m) culverts, within the 
Nelson City Council (NCC) area, New Zealand (Table 1, Fig. 1). Small culverts are generally 
difficult to access with heavy machinery to retrofit (e.g., modification of culvert angle) and 
maintain and therefore require special consideration (e.g., Haro et al. 2004). They are also 
commonly installed in first order streams which are often the only habitat within catchments 
that can still support the original native fish fauna (Stevenson et al. 2008). 
In Experiment One I conducted trials at all 13 culverts. I released 50 juvenile inanga 
(Galaxias maculatus Jenyns, 1848) downstream of each culvert to monitor both their 
swimming behaviour at the culverts and how upstream movement differed with culvert 
design. In Experiment Two I released 50 juvenile inanga downstream of a ramp installed at 
five of the 13 culverts that could not be climbed in Experiment One and observed their 
climbing behaviour before and during the upstream climb.
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Figure 1. Location of 13 experimental culverts in eight urban waterways within the Nelson City Council 
area.  
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3.2.3. Experiment One 
 
3.2.3.1. Experimental design 
 
The 13 culverts used in Experiment One were located on eight urban streams within the NCC 
area (Fig. 1, Table 1). The ability of 50 juvenile inanga to climb onto each of the 13 culverts 
was observed for one four hour period between 0800 and 1800 hours daily. The trials were 
conducted between September and December 2008. For each trial, I installed two nets (2 mm-
mesh) to constrain the fish to a section of stream within 1 – 5 m of each end of the culvert. 
The nets were held in place with steel waratah standards and rocks to prevent fish from 
escaping (Photograph 1 A) and were regularly cleared of debris. I generally observed fish 
from downstream of the bottom net to minimise my influence on their swimming behaviour. 
Fish were counted as they surmounted the culvert outlet and were considered to have 
successfully passed that point once they were on the culvert outlet lip. 
 
3.2.3.2. Culvert assessment 
 
Culverts were measured and assessed prior to the experiment (Table 2). Drop-off height (the 
distance from the culvert outlet lip to the water surface) was measured from the outlet lip of 
the culvert to the water surface below. I measured water velocity (Marsh-McBirney, Flo-Mate 
2000 meter) one metre below and above each culvert (three times over the stream width) at 
0.4 depth. Barrel velocities (water velocity within the culvert) were measured 0.3 m inside 
each end of a culvert at 0.4 depth. Stream width (three measurements over a one metre stream 
reach) and depth (three measurements across the stream) were recorded with a tape measure 
one metre above and below each culvert. Riverbed gradients and culvert angles were 
measured with an inclinometer. 
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3.2.3.3. Fish capture and maintenance 
 
Migrating inanga juveniles (fork length <60 mm) were caught for the experiment from a local 
stream at the Paremata Flats Reserve in the Wakapuaka River catchment (Fig. 1) with a 
whitebait set net (2 mm-mesh) and transported to the culvert streams. At the culverts, I kept 
fish in the stream over night (a minimum of twelve hours) in live boxes (Photograph 1B) to 
acclimatise before the experiment was commenced the next day. At the completion of each 
experiment the fish were released in the experimental stream upstream of the culvert. 
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3.2.3.4. Statistical analyses 
 
I used paired t-tests and analyses of variance (ANOVA) to evaluate differences in habitat 
characteristics between eight perched and five non-perched culverts and to determine whether 
there were differences between physical characteristics of culverts and the number of fish that 
passed. All statistical analyses were conducted with STATISTICA 8.0 unless otherwise 
stated. 
 
3.2.4. Experiment Two 
 
3.2.4.1. Experimental design 
 
To assess whether fish passage could be improved, I installed fish ramps (Photograph 1B) at 
five of the 13 culverts where fish were unable to surmount the culvert outlet in Experiment 
One (Table 1, Fig. 2). The main factor influencing passage success was expected to be ramp 
angle, which is a product of ramp length and height of the barrier. Apart from installation of 
the ramp at five culverts, the duration of the experiment, fish capture, fish maintenance during 
and after the experiment, and culvert assessment were as for Experiment One. All fish were 
used once only. The ramp as built in my experiments (Chapter Two, Chapter Three) has not 
been used in any previous studies, however, the basic aspects of its design were from previous 
work (e.g.; Baker & Boubée 2006). 
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Photograph 1. Experiment One involved the release of 50 juvenile inanga downstream of a culvert 
without a ramp installed to observe fish swimming behaviour and climbing ability onto a culvert (A) 
(Culvert T1). At culverts where fish were unable to pass in Experiment One, ramps (arrow) were 
installed (B) in Experiment Two to determine whether upstream passage improved with ramp 
installation (Culvert W4). Nets installed up- and downstream of each culvert stopped fish escaping 
from the experimental reach (A,B). Fish were kept in live boxes until the start of the experiment (B). 
 
3.2.4.2. Ramp hydraulics 
 
The three-metre experimental ramp was 300 mm wide and v-shaped in cross-section (Fig. 2). 
As fish prefer rough substrata for their upstream climb (Baker & Boubée 2006), I used 
Astroturf on the surface to offer fish suitable conditions to rest during their climb (as in 
Chapter Two). I did not control water velocities during the experiments, thus, the conditions 
fish encountered were realistic. Ramp angles were determined by stream bed gradient and the 
drop-off height at the culvert outlet, but were no steeper than 20° at any culvert, an angle 
considered to be traversable by G. maculatus (Chapter Two; Baker & Boubée 2006). 
 
A B 
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Figure 2. Physical dimensions of the ramp and its positioning with respect to the culvert outlet in the 
field. 
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3.2.4.3. Statistical analyses 
 
I conducted two linear regressions, one to evaluate the relationship between ramp angle 
(untransformed) and the number of fish that passed (log-transformed), and the other to 
investigate the relationship between ramp angle and ramp water velocities. I also conducted 
paired t-tests to evaluate whether habitat variables recorded on the culverts differed between 
Experiment One and Two. 
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3.3. RESULTS 
 
3.3.1. Fish behaviour 
 
It took fish approximately 30 min to acclimatise to their new environments within the 
experimental stream reach in both experiments. When first released into the water, fish tried 
to hide and seek cover, mostly as a shoal. After 30 min the group split up and fish spent more 
time at the same spot and started feeding. After approximately one hour, fish began to attempt 
the upstream climb in both experiments. Before and during their ascent, fish swam back and 
forth, possibly until they found velocities within their swimming ability and subsequently 
attempted to climb for the remaining time. In Experiment One, fish burst swam up the culvert 
outlet, often at places where substrate or algae were attached to the surface. Fish attempted to 
climb the culvert in groups rather than alone (minimum of two individuals). Although 
observations were sometimes difficult at the immediate culvert outlet, I was able to count fish 
as soon as they were onto the culvert lip. In Experiment Two, most of the fish tried to get up 
the ramp by burst swimming before they rested on the wetted margin provided by the v-
shaped ramp (Photograph 2). Fish rested several times before they were either washed back 
downstream or continued their upstream climb.  
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Photograph 2. A juvenile inanga resting on the wetted margin of the ramp installed at a culvert in the 
field (Culvert D1). 
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3.3.2. Experiment One 
 
Culvert design affected water velocity, and the habitat within the structure. Pipe culverts 
generally offered less habitat than larger open-bottom box culverts due to their smaller 
diameters (Photographs 3A & B).  
To determine whether fish passage success depended on habitat variables (i.e., water 
depth and velocity, stream width) I tested for differences in conditions upstream and 
downstream of the culverts (Table 3). 
 
 
 
 
Photograph 3. Pipe culverts (A) confine stream width, frequently resulting in uniform and increased 
water flow and lower availability of in-stream habitat (Culvert P1). Open-bottom box culverts (B), in 
contrast, usually retain the original riverbed width, and have variable flow conditions offering more 
diverse habitat (e.g., substrate) within the structure (Culvert T1). 
 
 
 
 
 
A B 
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Table 3. Mean values (±S.E.) of three habitat variables measured 1 m upstream (u/s) and downstream 
(d/s) at the 13 culverts used in Experiment One. Paired t-tests compare u/s and d/s values; df= 
degrees of Freedom, P=Probability. 
 Unit Mean u/s (± S.E.) Mean d/s (± S.E.) t- value df P- value 
Water depth m 0.09 (0.01) 0.08 (0.01) -1.36 12 0.19 
Stream width m 1.62 (0.25) 1.54 (0.30) -0.26 12 0.79 
Water velocity m/s 0.32 (0.05) 0.39 (0.08)  0.92 12 0.37 
 
 
As physical characteristics upstream and downstream of the 13 culverts did not vary 
significantly (Table 3), I tested for other variables that could have influenced fish passage at 
the culverts. Perching was critical, as no fish successfully negotiated any of the perched 
culverts used in Experiment One (Table 2). The 95% confidence intervals for the percentage 
of fish that passed non-perched culverts (44 – 84 %) indicated a significant difference 
between perched and non-perched treatments (Fig. 3). 
 
 
Chapter Three – Results 
 
98
 
Figure 3. The percentage of fish that passed perched (n = 8) and non-perched (n = 5) culverts. The 
error bar indicate 95% confidence interval. 
 
To test whether passing a culvert depended solely on perching, or whether other factors could 
have been involved, I compared habitat variables and physical dimensions of five non-
perched and eight perched culverts (Table 4). Barrel velocity, riverbed gradient, culvert width 
and height, all differed significantly between perched and non-perched culverts. Therefore, I 
concluded, that perching was the main reason why fish did not get up a culvert, but that high 
gradient and high barrel velocity may also have played a role (Table 4). 
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3.3.3. Experiment Two 
 
To test whether the impact of perching could be mitigated, I installed a fish ramp to facilitate 
passage at five of the eight perched culverts. Because I conducted Experiments One and Two 
one month apart (although maximum fish size (fork length < 60 mm) stayed the same), I 
tested whether significant differences between physical habitat variables measured at culverts 
during the two experiments could have affected the results of Experiment Two. Physical 
variables during Experiment Two were similar to those experienced at the same sites in 
Experiment One (Table 5). 
 
Table 5. Paired t-tests comparing physical variables measured at the time of Experiments One and  
Two at five culverts (C); u/s = upstream, d/s = downstream, df = 4. 
 t - value P - value 
Water velocity in C (m/s)   0.155   0.88 
Water velocity at outlet (m/s)   1.426   0.23 
Water velocity at inlet (m/s)   0.151   0.89 
Water depth d/s C (m)   1.121   0.33 
Water depth u/s C (m)   0.666   0.54 
Stream width d/s (m)   0.001   1.00 
Stream width u/s (m)   0.001   1.00 
Drop-off height (m)   0.001   1.00 
Riverbed slope (°)   0.408   0.70 
 
 
No fish passed any of the five culverts selected for Experiment Two during Experiment One. 
With the ramp installed, upstream passage was 44 % with the 95% confidence interval for the 
number of fish passing not including zero (20.91 – 66.28 %). Hence, the ramp significantly 
improved fish passage at perched culverts. 
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I also found that water velocity increased with ramp angle (linear regression: F1,4 = 14, 
P<0.05, R²=0.82) and that significantly fewer fish passed the ramp as ramp angle increased 
(linear regression on log-transformed number of fish: F1,4 = 25.11, P<0.05, R²=0.89; Fig. 4). 
 
 
 
 
Figure 4. Relationship between the number of fish passing 5 culvert outlets and the angle of the ramp 
(°) (Loge number of fish passed = - 0.07e 
ramp angle
 + 2.05). 
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3.4. DISCUSSION 
 
To maintain freshwater fish populations in urban stream environments, biological processes 
(feeding, exploration or social interactions) and physical processes (turbulence and migration 
barriers) need to be considered (Beamish 1970; Webb & Gerstner 2000; Cea et al. 2007). 
Physical processes play a particularly important role, as poorly designed, installed and/or 
maintained migration barriers such as culverts can severely delay or block upstream 
movement of fish (Chapter One). 
My results indicate that one of the main issues influencing fish passage at 13 Nelson 
sites was perching due to inappropriate culvert installation. None of the 400 fish in my study 
were able to pass any of the eight perched culverts. Perched culverts were narrow and small, 
and occurred on streams with steep bed gradients, potentially explaining why the culverts 
were initially perched. If culvert gradient is shallower than riverbed gradient, the riverbed is 
likely to scour below the culvert outlet (Stevenson et al. 2008). Barrel velocities were also 
significantly higher in perched than non-perched culverts and results, which happens if 
culvert width is narrower than that of the natural stream bed. Water velocity plays a crucial 
role in determining fish passage as indicated in Chapter Two, where I showed that increased 
water velocity restricted the upstream passage of juvenile inanga. However, once the perching 
effect was removed by ramp installation, fish were able to pass the culverts in Experiment 
Two, demonstrating that the effects of perching can be overcome by retrofitting ramps.  
Only one laboratory study has investigated the climbing behaviour of juvenile inanga 
up ramps (Baker & Boubée 2006) and my study is the first to conduct in situ ramp 
experiments with whitebait at culverts. Successful fish passage at ramps depended on ramp 
water velocities, with fewer fish passing at high velocities. House et al. (2005) found that 
velocity patterns are generally linked with the swimming ability of small fish/juveniles at 
culverts. This concurs with my previous laboratory study where fewer juvenile inanga passed 
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culverts successfully as ramp water velocity increased (Chapter Two). Moreover, water 
velocities exceeding 0.3 m/s are also likely to restrict passage of other juvenile fish species 
such as shortfin eel (Anguilla australis), banded kokopu (Galaxias fasciatus), common smelt 
(Retropinna retropinna) and common bully (Gobiomorphus cotidianus) (Mitchell 1989). 
Although Mitchell (1989) investigated the swimming ability of these fish species in a 
horizontal level flume, and therefore disregarded the relationship between water velocity and 
ramp/culvert angle, his results indicate that many species have limited abilities to withstand 
even modest velocities. A sensible trade-off between ramp and culvert angle and ramp and 
barrel velocities, is therefore, crucial for successful ramp and culvert design (Chapter Two). 
Average water velocity restricting upstream fish passage at the ramps in my experiments 
(including the angle effect) was 0.32 m/s. To guarantee successful ramp negotiation by 
several weak swimming fish species, water velocity should be kept below 0.3 m/s at ramps 
and culverts. 
Ramp angle, probably the ultimate controller of fish passage, should be kept as 
shallow as possible to reduce water velocity, thereby enabling fish to pass. The most suitable 
angle for juvenile inanga to pass, lies between ten and 15 degrees on a three metre long ramp 
(Chapter Two). No fish successfully negotiated the ramp at angles greater than 15 degrees in 
the research reported in Chapter Two. In the present study, however, fish were able to pass 
over a three metre ramp at a 20 degree angle in the field, showing that studies conducted 
under controlled conditions, such as in the laboratory, do not necessarily mirror conditions in 
natural environments. 
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3.4.1. Implications of ramp installations 
 
Many existing culverts are non-functional or in disrepair and could be easily breached to form 
routes of passage, provided that fish are capable of traversing the resulting velocity barriers 
(Schilt 2007). The culverts tested in my study were mainly of small diameter (< 1.5 m) and 
difficult to retrofit (i.e., inaccessible with large machinery, Haro et al. 2004). Nevertheless, 
small culverts are particularly important for fish passage as the first order streams in which 
they are installed are often the only habitats within catchments that can still support the 
original fish fauna (Stevenson et al. 2008). Councils should prioritise the retrofitting of small 
to intermediate culverts in their regions, and consider installing culverts, such as box culverts 
with wide barrel widths. This will not only help overcome increased barrel velocities, but also 
avoid perching. 
If perching is unavoidable or already occurring, fish ramp installation could 
considerably improve upstream fish passage. The kind of fish ramp design needs to be 
dictated by the swimming abilities of the target species. Salmonids, for example, have 
different passage requirements than galaxiids, as they traverse barriers by jumping (Ojanguren 
& Brana 2003; Naughton et al. 2007; Kemp & Williams 2008), whereas galaxiids either burst 
swim (inanga) or climb (koaro) past barriers (Haro et al. 2004).  
The angle of the ramp also directly influences fish passage success, as it determines 
water velocity on the ramp. Angles should be as shallow as possible, but certainly no steeper 
than 20 degrees for a three metre long ramp to enable fish to pass successfully. Ramps longer 
than three metres may have to be set even shallower than 15 degrees and future studies could 
incorporate this assumption in their design. Local authorities could use my findings at 
comparable culverts when installing fish ramps to enable the passage of similar fish species 
(i.e., juvenile bully species; Mitchell 1989). Measures of success could be used to improve 
knowledge about fish passage design at barriers. 
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International studies have shown that rock-ramps are suitable to overcome physical 
migration barriers as they offer fish near natural stream characteristics within the structure 
itself, resulting in successful fish passage (Beatty et al. 2007). A “hybrid”-design between my 
ramp and rock ramps could provide passage past small barriers for New Zealand fish species, 
improving upstream abundance of barriers. 
Finally, urban areas lie at the intersection of human and ecological systems (Paul & 
Meyer 2001). Hence, culverts and other road crossings installed as part of urbanisation will 
increasingly modify waterways, worldwide (Haro et al. 2004; Blakely & Harding 2005; 
Blakely et al. 2006). It is therefore important to increase the scope of studies measuring fish 
passage (O'Hanley & Tomberlin 2005; Baker & Boubée 2006). If we are to succeed in that 
often-stated goal by ecologists and engineers of, “incorporating humans as components of 
ecosystems”, urban streams can no longer be ignored (Paul & Meyer 2001; Schilt 2007). 
Amongst other factors important for fish diversity in urban streams, such as water quality, 
retaining fish passage in urban areas through “smart” culvert design will not only offer 
ecologists the opportunity to maintain fish diversity in urban waterways and to test concepts 
of urban stream restoration, but will also enable people to experience an easily accessible 
piece of nature within cities. 
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4.1. INTRODUCTION 
 
In lowland rivers many non-salmonid fish species such as cyprinids (e.g., barbel, Barbus barbus) or 
galaxiids (e.g., inanga, Galaxias maculatus) exhibit substantial seasonal migrations to find 
appropriate spawning habitat (Baras & Cherry 1990; Lucas et al. 1999; McDowall 2007). These 
migrations, as well as fish species distribution and community composition, are controlled by a 
series of interacting biotic (i.e., foraging, predation, competition) and abiotic (i.e., water velocity) 
factors within a geographic region (McIntosh & McDowall 2004; Pavlov et al. 2008). It is the task 
of freshwater ecologists to unravel this spatial and temporal complexity to determine the drivers 
that influence fish migrations and distributions. Many of these drivers are still unknown, but the 
effect of urbanisation is likely to be one of the most important. My study has revealed details of the 
effects of urbanisation on fish communities and added to knowledge of how some of these effects 
can be overcome. My data can be transferred to other parts of New Zealand and other countries in 
the Southern Hemisphere (Australia, Chile) where inanga is found, and also to other fish species 
with similar swimming capabilities (e.g., bully species). 
This chapter summarises the key issues influencing fish distribution within urban waterways 
that were identified in the previous chapters, and provides recommendations for managers and local 
authorities on how to prevent and remediate some of these issues. I will also point out potential 
future research needs and highlight the applicability of my findings for urban fish community 
restoration. 
Urbanisation, in general, can have major impacts on fish distribution and community 
composition (Chapter One). For example, fish species, such as giant kokopu or dwarf galaxias that 
are susceptible to poor habitat quality (Bonnett & Sykes 2002; Baker & Smith 2007) were rare or 
absent within the Nelson City Council (NCC) area, whereas more tolerant fish species such as eels 
(Hicks & McCaughan 1997; Glova et al. 1998) were abundant. Moreover, communities that 
contained sensitive fish species were associated with native forest cover, whereas tolerant fish 
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species were associated with urban and agricultural land-use types. There were clear-cut groups of 
fish communities according to land-use type for the two geographically different regions I analysed 
(the Nelson City Council and the upper South Island), and for analyses conducted at the reach scale 
and the catchment-scale. Urbanisation affected fish distribution and communities at both, small-
scale and large-scales and was an important driver influencing fish distribution throughout the 
upper South Island. Perched (undercut) culverts in particular influenced fish species distribution and 
abundance in the Nelson City Council area (Chapter Three). Inland penetration by inanga, for 
instance, was significantly reduced by culverts in urban Nelson (Chapter One). Previous studies 
have already highlighted the susceptibility of inanga to migration barriers (e.g., Baker 2003; Baker 
& Boubée 2006), but my results revealed that even fish species known to be good climbers (i.e., 
banded kokopu) were, eventually impacted by the accumulation of culverts found in urban 
environments (Chapter One).  
To further investigate this finding, I studied the swimming ability of inanga in the laboratory 
(Chapter Two) and found that juvenile inanga are weak swimmers, making them vulnerable to the 
increased water velocities and steep gradients occurring at physical impediments like culverts. To 
mitigate these impacts, I tested the effect of pools as a resting opportunity on a ramp. Although 
pools have enhanced fish passage in previous studies (Rajaratnam et al. 1997; Kim 2001), juvenile 
inanga passage success did not significantly increase in my study. My findings also indicated that 
ramp angle and fish size were important determinants of passage. More fish passed on shallow 
ramp angles and larger fish were more successful. To test whether my laboratory findings could be 
applied in situ, I installed the ramp at five different culverts (Chapter Three). 
The installation in the field considerably improved the number of fish getting onto culverts, 
potentially enabling them to reach upstream habitats for reproduction and growth (Chapter Three). 
Similar to the laboratory results in Chapter Two, water velocities and ramp angle determined fish 
passage up the ramp under field conditions. 
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My findings looked at the effects of physical barriers as part of urbanisation and summarised 
potential improvement techniques. The remediation of barriers is particularly important, as 
decisions over culvert installations or retrofitting have cost and logistical implications. To 
successfully design road crossings and fish ramps, managers need information on potential 
remediation techniques and fish behaviour. 
Prior to the installation of a culvert or a fish ramp there are two main issues that need to be 
considered. Firstly, managers need to determine the range of fish species that are potentially 
affected by the culvert or ramp installation. This is crucial as every fish species behaves differently 
depending on the type of barriers. To provide passage for most species present in an area, the target 
species should be the one with the lowest swimming ability, such as inanga and common bully in 
the Nelson City Council area (Boubée et al. 1999; Larnier 2002). By designing culverts that enable 
these species to pass, fish passage will also be provided to stronger swimmers such as redfin bully 
(Gobiomorphus huttoni) (Baker & Boubée 2006). 
Secondly, managers and councils should be aware of the quantity and quality of suitable 
habitat for the target fish species available upstream and whether it is feasible and necessary to go 
through the often complex process of culvert retrofitting and fish ramp installations. Whether 
upstream habitat is suitable for the target fish species can be determined by, for instance, detailed 
surveying of the upstream habitat (e.g., Doehring & McIntosh 2008) or by predictive modelling 
(e.g., Joy & Death 2000, 2004). Sometimes however the location of a culvert does not always allow 
managers to redesign a culvert that meets the requirements of the target fish species, due to the 
topography of the location, for example. In this case, managers should focus on the installation of 
fish ramps. Below I firstly outline the problems associated with culverts and potential remedies, 
before discussing issues related to mitigation techniques associated with ramp installations. 
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4.2. CONSIDERATIONS FOR CULVERT INSTALLATION 
 
In general, fish ramp installation could be avoided if culverts are designed and installed 
appropriately in the first place. Which type of culvert to install is an important point, and my results 
can be used to guide this decision. I indicated in Chapter Three that (open-bottom) box culverts are 
less likely to influence fish movement, and are ‘fish friendly’. They are similar to a bridge in their 
hydraulic characteristics (Boubée et al. 1999), and provide habitat within the structure (Fig. 1; 
Boubée et al. 1999). Moreover, box culverts also frequently have the same width as the stream bed, 
resulting in the same water velocities as the natural flow. A shift in installation from pipe culverts to 
box culverts should in most cases improve fish passage considerably and is recommended (Cotterell 
1998). 
Increased barrel velocities are caused if culvert widths are less than that of the natural stream 
bed (Cotterell 1998; Johnson & Brown 2000; Wargo & Weisman 2006; Stevenson et al. 2008). 
Barrel velocities were significantly greater in pipe than in box culverts in the NCC area, likely 
influencing passage success (Chapter Three). Small culvert widths as found in stacked pipe or pipe 
culverts (Fig. 1) especially at times of high flow, are likely to cause increased water velocities, 
obstructing upstream fish passage (Stevenson et al. 2008). Engineers and fisheries biologists have 
known for years that velocity patterns are intimately linked with the ability of small fish (juveniles) 
to get onto and move through culverts (House et al. 2005). Thus, they should install culverts with 
wide stream bed widths, such as open-bottom box, trough box or simple box culverts (Fig. 1). 
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Increased velocities also occur when pipe culverts are installed at riverbed gradients steeper than 
that of the culvert (Fig. 2), and this drives initial culvert perching. In Chapter Three I showed that 
the riverbed gradients of perched culverts within the NCC area were significantly steeper than of 
non-perched culverts, potentially influencing fish passage.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Differences between the riverbed gradients at perched and non-perched culverts and the resulting 
changes in water flow and velocities (modified from Fitch 1996); + River bed gradient steeper than culvert,  
= River bed gradient same as culvert,                = Depth of flow,                = Flow velocity. 
 
 
Perching was one of the main drivers determining fish passage in the NCC area (Chapter Three) and 
should be avoided. To avoid perching in the first place, culvert gradient and riverbed gradient 
should be similar (Fig. 2) with culvert gradients recommended to be, in general, not greater than 1 – 
2 % (Clay 1995; Fitch 1996; Stevenson et al. 2008). Furthermore, perching is also caused by stream 
channels that are likely to degrade due to the riverbed geology of the construction site (Cotterell 
Upstream Culvert Downstream 
+ 
+ 
Drop > 0 cm 
= 
= 
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Box Culvert 
Drop = 0 cm 
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1998). Although I did not investigate the geology of the Nelson City Council area, this factor 
should be considered before designing and constructing culverts. To account for the different 
riverbed geology in an area, all culverts should be designed with a specific minimum countersunk 
dimension (i.e., 20 % of the culvert diameter or at least 15 cm to prevent perching (Fitch 1996; 
Cotterell 1998). If steep culverts cannot be avoided or cannot be retrofitted to fish-friendly designs, 
fish ramps should be installed. 
 
4.3. CONSIDERATIONS FOR FISH RAMP INSTALLATIONS 
 
I showed that the ramp installation at perched culverts in Chapter Three improved fish passage 
considerably as soon as the ramp was installed. However, the lack of past research on the biology of 
native fish (i.e., the sizes of fish and their life stages that are migratory, fish response to obstacles), 
has led to the construction of relatively ineffective fish ramps (Stuart & Mallen-Cooper 1999). I 
therefore want to highlight the most important issues that engineers, ecologists and managers need 
to consider when designing fish ramps. 
In general, attraction to surmount a barrier/ramp is critical and depends on species behaviour 
and motivation (Bender et al. 1992). However, there are factors that can increase the attraction for 
fish to surmount a ramp (Bunt 2001). Often, it is the physical characteristics at the ramp that 
increase or decrease attraction. My study indicated that ramp gradient, length and water velocity 
were the main variables influencing passage success in both, the laboratory as well as in the field, 
and a realistic trade-off between these three factors is crucial to design successful fish ramps (Fig. 
3). In my studies, ramp gradient played an important role as more fish passed the ramp when the 
angle was shallow (Chapter Two and Tree). Fish passage success can therefore be improved by 
keeping the fish ramp angles as shallow as possible. My study indicated that the ideal ramp angle 
should lie between 15° and 20° at a three metre long ramp, but no greater than 20° if weak 
swimmers are targeted (Chapter Two). 
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It needs to be considered that even with shallow ramp angles some fish may be unable to pass 
the ramp if the climbing distance exceeds their burst swimming ability (Peake et al. 1997b; Boubée 
et al. 1999). In these situations resting areas for fish during the climb are recommended. Although 
pools as resting opportunities did not significantly improve juvenile inanga upstream passage in my 
study, a different type of resting zone might improve upstream passage. For instance, a 50 – 100 
mm zone of wetted margin on either side of the ramp creates resting opportunities for New Zealand 
fish species which use the surface tension to sit on (Boubée et al. 1999). The availability of a wetted 
margin as a resting opportunity is especially important when water velocities exceed the species’ 
swimming ability.  
I showed in Chapter Three that water velocities are a function of the ramp slope (Fig. 3) and in 
Chapter Two I indicated that fish passage at a ramp depended on water velocities. Therefore, if 
water velocities can be kept within the swimming ability of the target fish species with as short a 
ramp as possible, upstream passage at ramps should improve. To provide passage for inanga, 
velocities should ideally be below 0.3 m/s for adults and below 0.2 m/s for juveniles (Stancliff et al. 
1988; Boubée et al. 1999). Larger fish are able to swim faster and longer, independently of their life 
stage (Chapter Two) and many diadromous fish species, such as salmonids and galaxiids, 
commence their migration as juveniles (Nikora et al. 2003; Ojanguren & Brana 2003; Tudorache et 
al. 2008). Ramp designs incorporating target fish size and/or life stage in their planning are hence 
more likely to improve upstream passage. However, it could be difficult to achieve ‘ideal’ flow 
conditions, especially in streams of third order or higher, due to high water flow capacities. In this 
case, the flow upstream of the ramp could be, for instance, diverted so that only a proportion of it 
enters the ramp. In general, flow conditions should be as natural as possible and resemble those 
encountered during migratory periods as these are the times where most fish will try to reach upper 
stream reaches for growth and reproduction (McDowall 2001). 
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Figure 3. Three possible solutions to the trade-off between water flow, ramp length and ramp angle to 
facilitate fish passage. The alteration of one variable causes the two other dependent variables to change. 
 
A method to prevent increased velocities and subsequently turbulence at the ramp entrance can be 
to slow down the flow by rough ramp surface material (Baker & Boubée 2006; Richmond et al. 
2007). Astroturf proved to be a suitable substrate material in my experiments, however the 
robustness of the material is a major design consideration and its suitability for long-term in situ 
installations needs to be further investigated. Furthermore, Stripdrain© (a pipe lined with a thin 
plastic sheet with rows of 24 mm high cones at 30 mm centres and 15 mm spacing at the base) was 
a suitable substrate to facilitate upstream passage for some New Zealand fish species within culverts 
as well as on fish ramps (Hegberg et al. 2001a; Baker & Boubée 2006; Stevenson et al. 2008). 
Although this material is not particularly rough, it provides diverse flow conditions on the ramp and 
can facilitate upstream passage for other weak swimming species. 
Finally, to maintain the function of fish ramps and culverts, they should be inspected at least 
once a year, especially prior to or at the start of migration periods (Adams & Whyte 1990). 
Maintenance generally includes the removal of debris or bedload accumulations on the ramp       
and/or at the culvert outlet and inlet (Cotterell 1998). 
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4.4. FUTURE RESEARCH 
 
The main issues of urbanisation on fish distribution have started to be unravelled, but there are still 
significant gaps in knowledge. Future experiments incorporating, for instance, other fish species or 
investigating the capability of whitebait to get through culverts, would provide valuable information 
for the development of passage design, and also significantly increase the amount of information on 
fish behaviour for a wider variety of target species (MacDonald & Davies 2007). Further studies 
would also likely improve the understanding and usefulness of pools as resting opportunities on 
ramps for whitebait species. Studies should ideally include the effectiveness of pools at ramps 
longer than three metres and investigate potential effects of macro-eddies at pool entrances 
(Rajaratnam et al. 1997; Kim 2001). 
The compatibility and practicability of using the surface materials used in my and previous 
studies also needs to be looked into. For field installations particularly, it needs to be investigated 
whether Astroturf or Stripdrain© are robust enough to sustain long periods of time under field 
conditions. Councils frequently prefer materials that are more natural and blend into the 
surrounding landscape such as rock-ramps. Rock ramps present a viable solution at culverts with 
fish passage issues (Strickland 2009), but their construction can be complex (i.e., lack of space for 
the construction and the ramp itself) or cost-intensive for retrofitting of perched culverts (Larnier 
2002). Hence, the ‘ideal’ ramp still needs to be developed. The design developed in my study 
together with the existing rock-ramp idea could be potentially used to create a “hybrid” ramp that 
can easily be installed at culverts that need to be retrofitted and are durable.  
Finally, urban streams have become important to the public for recreation, aesthetics and as 
places of cultural and historic value (Suren & Elliott 2004). If they are managed properly, urban 
streams can also provide places where diverse flora and fauna may be found even within the frame 
of urban development. However, to be able to restore our urban waterways, and the communities 
they support, we must identify what can be done to minimise the effects of urbanisation. My study 
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showed that even minor alterations to conventional urban stream design should result in major 
improvements in the distribution of freshwater fish species. This can eventually help to enhance or 
maintain the health of our urban stream ecosystems. 
By 2050, 70 % of the world population is expected to live in cities (UN 2007). Hence 
healthy urban waterways will, in the long run, favour the health of our own kind and we should 
therefore no longer neglect these unique ecosystems but try and integrate their needs into our 
modern way of life. 
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